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1. FOREWORD 
This work was carried out by Dr. Kaukler at the University 
of Toronto prior to his assuming his present position as a 
Visiting Scientist at the NASA Marshall Space Flight Center in 
the Materials Processing in Space Program. The work, however, 
is of great interest to the Materials Processing in Space Pro- 
qram because it offers for the first time the possibility of 
ontaining quantitative information on the growth of eutectic 
systems that can provide critical tests of the various theories 
of eutectic growth and can be used to investigate some of the 
subtleties of gravitational influences on the growth process. 
The iatter is of particular interest in the light of some 
recent low-gravity experiments which have shown conclusively 
that significant changes occur in the thickness and spacing of 
the a and 6 phases. This unanticipated result is still not 
understood but probably results from gravitational modification 
of the concentration field in the melt just ahead of the growth 
interface. 
Dr. Kaukler's work at the Marshall Space Flight Center is 
an extension of this effort in an attempt to refine the theory 
of eutectic growth and to account for these unexpected gravi- 
tational effects. Since the research reporte2 forms the back- 
ground for his present work and is of general interest to other 
workers in the NASA Materials Processing in Space Program, the 
work is being made more widely available by issuing it as a 
NASA document. 
Robert J. Naumann 
2. PREFACE 
It has always been the author's interest to dissect the 
mechanisms for the development r .4  eutectic morphologies. 
In the past, the dissection was performed by physically 
removing one of the phases, eithw by selective deep acid 
etching, by selective sublimation or by chemical vapor disso- 
lution. These techniques made it possible to separate the 
individual morphologies of the phases in a eutectic micro- 
structure and to view them in three dimensions. 
Many years were spent physically dissecting the various 
eutect?~ microstructures but only after solidification. Many 
observations were made, but the "creating mechanismsW were not 
revealed in the as-cast microstructures. 
Transparent organic models for freezing metal made 
observation of the grcwing solid-liquid interfaces simple to 
perform. Phenomena assumed to occur in metals were actually 
seen in real time, in situ, using the transparent organics. 
Experience with the organics reinforced the idea of using them 
as a research tool to elegantly probe the solidification of 
eutectic growth, 
Tbci-e is no doubt in the author's mind that the controlling 
i~~echanisms for the development of eutectic morphology directly 
influence the advancing boundary between solid and liquid. 
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6. SUMMARY 
A QUANTITATIVE ST!?DY OF FACTORS INFLUENCING LAMELLAR 
EUTECTIC MORPHOLOGY DURING SOLIDIFICATION 
The work reported in this document was carried out to 
obtain a quantitative evaluation of the factors that influence 
the shape of the solid-liquid interface of a lamellar binary 
eutectic alloy. The experiments were performed using alloys 
of Carbon Tetrabromide and Hexachloroetlrane which serve as a 
transparent analogue of lamellar metallic eutectics. The 
experimental apparatus that was used was designed to permit 
direct observation of the solid-liquid interface under very 
closely controlled conditions. The observed interface shapes 
were analyzed by computer-aided methods. 
The solid-liquid interfacial free energies of each of the 
individual phases comprising the eutectic system were measrred 
as a function of composition using a "grain boundary grooven 
technique. These interfacial free energies were observed to 
be isotropic. It was also found that the solid-liquid inter- 
facial free energy of the two phases could be evaluated directly 
from the eutectic interface. Observations of the eutectic 
interface shape permitted evaluation of the solid-solid inter- 
phase interfacial free energies for the eutectic. Various data, 
necessary for the quantitative evaluations, were also measured, 
including the phase diagram for the system, the heat of fusion 
as a function of composition and the density as a function of 
composition. 
From the observations made, it was concluded that the 
shape of the eutectic interface is controlled mainly by the 
solid-liquid and solid-solid interfacial free energy relation- 
ships at the interface and by the temperature gradient present, 
rather than by inter-lamellar diffusion in the liquid at the 
interface, over the range of growth rates studied. It was 
shown that a surface tension balance at the junction of the 
solid-solid interface with the solid-liquid interfaces of the 
eutectic requires the presence of a torque, which was evaluated 
for the system under study. Under some conditions, special 
solid-solid interfaces that had very low interfacial free 
energies were observed. Forced convection experiments showed 
that the eutectic interface shape was only slightly influenced 
by flow of the liquid adjacent to the interface. It was also 
observed that response to quenching of the liquid adjacent to 
the eutectic interface was the very rapid growth of single-phase 
dendrites of the major phase, rather than two-phase dendrites. 
7. INTROCUCTION I : i : 
r i .  
The r e s e a r c h  p r e s e n t e d  i n  t h i s d o c u e n t  was performed 1 : 
I 
i i n  o r d e r  t o  a n a l y z e  q u a n t i t a t i v e l y ,  t h e  f a c t o r s  t h a t  i n f l u e n c e  t .  i 
i .  
t h e  manner of s o l i d i f i c a t i o n  o f  a l a m e l l a r  b i n a r y  e u t e c t i c .  A ., 
1 
i ! : C e r t a i n  a s p e c t s  o f  e u t e c t i c  f r e e z i n g  have been  r i g o r o u s l y  f :  
s t u d i e d  i n  t h e  p a s t .  Types o f  e u t e c t i c  morphology, lamellar 
and rod s p a c i n g s ,  e f f e c t s  of c o n s t i t u t i o n a l  u n d e r c o o l i n g  i n  
c a u s i n g  i n t e r f a c e  breakdown, and t h e  p r e s e n c e  o f  s t r u c t u r a l  
f a u l t s  a r e  a few e u t e c t i c  c h a r a c t e r i s t i c s  t h a t  have  been 
examined. Growth rate, t e m p e r a t u r e  g r a d i e n t  and  compos i t i on  
a r e  a l l  f a c t o r s  t h a t  have  been  man ipu la t ed  i n  an  e f f o r t  t o  
alter and  c o n t r o l  e u t e c t i c  c h a r a c t e r i s t i c s  i n  a s y s t e m a t i c  
manner. 
I t  became e v i d e n t  t h a t  t h e  "cast" m i c r o s t r u c t u r e  o f  
a e u t e c t i c  a l l o y  i s  deve loped  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e ,  
d u r i n g  s o l i d i f i c a t i o n .  A s  models f o r  e u t e c t i c  s o l i d i f i c a t i o n  
were deve loped ,  a t t e n t i o n  was d i r e c t e d  t o  t h e  i n t e r f a c i a l  t e n s i o n s  
encoun te red  a t  t h e  growth f r o n t  as i m p o r t a n t  q u a n t i t i e s  i n  
d e t e r m i n i n g  i n t e r f a c e  shape .  The u s e f u l n e s s  o f  t h e  models w a s  
l im i t ed ,  however, by t h e  s c a r c i t y  o f  v a l u e s  f o r  t h e  s o l i d -  
l i q u i d  i n t e r f a c i a l  f r e e  e n e r q i e s  f o r  metals. These v a l u e s  were 
most ly  o b t a i n e d  from b u l k  u n d e r c o o l i n g  e x p e r i m e n t s  by t h e  
a p p l i c a t i o n  o f  t h e  Gibbs - Thomson e q u a t i o n  t o  homogeneous 
n u c l e a t i o n  t h e o r y .  U n t i l  r e c e n t l y ,  t h e s e  measurements have n o t  
been c c r r o b o r a t e d  by o t h e r  techniques o f  measurement. 
The a p p l i c a t i o n  of t h e  Gibbs - Thomson r e l a t i o n  to  
t h e  c u r v a t u r e  of  t h e  s o l i d - l i q u i d  i n t e r f a c e  a t  a g r a i n  boundary 
groove (GBG) i n  a tempera ture  g r a d i e n t  (see s e c t i o n  8.1.2) h a s  
provided a n o t h e r  method f o r  t h e  measurement o f  i n t e r f a c i a l  f r e e  
energy.  The method is most r e a d i l y  a p p l i e d  t o  t r a n s p a r e n t  
m a t e r i a l s  [ l o ,  13,  161 b u t  it has  been a p p l i e d  to  a meta l  a s  
w e l l  1421. 
The p i o n e e r i n g  work o f  Jackson and Hunt (see s e c t i o n  
8.1.1) wi th  t r a n s p a r e n t  o r g a n i c  m a t e r i a l s  brought  t w o  impor tan t  
f a c t s  t o  l i g h t .  F i r s t ,  t h e  e a s i l y  observed s o l i d - l i q u i d  i n t e r -  
f a c e s  i n  c e r t a i n  t r a n s p a r e n t  o r g a n i c  materials w e r e  shown to  
be e f f e c t i v e  models of me ta l  s o l i d i f i c a t i o n  f r o n t s .  T h i s  w a s  
t h e  c a s e  f o r  botk  s i n g l e  phase and polyphase  a l l o y s .  Seco~rd ,  
t h e  e a s e  o f  g e n e r a t i n g  and obse rv ing  g r a i n  boundary grooves a t  
s o l i d - l i q u i d  i n t e r f a c e s  al lowed t h e  implementat ion of  t h e  new 
i n t e r f a c i a l  energy measurement technique .  These i d e a s  c o n s t i t u t e  
t h e  working p r i n c i p l e s  f o r  t h i s  work. 
I n  t h e  work  r e p o r t e d  here, t h e  g r a i n  boundary 
groove a n a l y s i s  method i s  a p p l i e d  t o  a polyphase i n t e r f a c e .  I n  
o r d e r  t o  p r o p e r l y  implement t h e  t echn ique  on a e u t e c t i c  i n t e r -  
f a c e ,  g r a i n  boundary qroove a n a l y s e s  wore performed on a l l o y s  
i n s t e a d  of pure  m a t e r i a l s .  Supplemental measurements were 
necessary  t o  e v a l u a t e  t h e  Gibbs - Thomson e q u a t i o n .  These 
i n c l u d e  t h e  c o n s t r u c t i o n  o f  a phase diagram f o r  t h e  system chosen,  
measurement of t h e  enthalpy of fus ion  for the a l loys ,  and the 
measurerrent of the a l l o y  dens i t i e s .  
A l l  o f  the work was performed w i t h  one organic  
e u t e c t i c  a l l o y  system. The a l l o y  system, Carbon Tetrabromide - 
. . 
Hexachloroethane, w a s  f i r s t  found by Jackson and Hunt and used 
! .  
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t o  support  experimentally t h e i r  i n t e r f a c e  shape theor ies .  The 
e u t e c t i c  composition was repor ted as 8.6 weight percent  
Hexachloroethane. Knowledge of  t h e  e u t e c t i c  composition, 
the melting po in t s  of the components and t h e  e u t e c t i c  temperature I s  1: 
was t h e  only information t h a t  w a s  used tc apply t h e i r  theory t o  
t he  system. Photographs o f  e u t e c t i c  i n t e r f a c e s  w e r e  compared 
t o  pr?dicted i n t e r f a c e  shapes ca l cu l a t ed  pr imar i ly  from s o l u t i o n s  
t o  t h e  d i f f u s i o n  equation a t  t h e  i n t e r f ace .  No one had s tud ied  
t h i s  o rgan ic  a l l o y  i n  any detail s i n c e  t h e  work o f  Jackson and 
Hunt. 
This  is t h e  only system known which could be grown 
with  s u f f i c i e n t l y  l a r g e  lamel la r  spacings t o  permit  any 
reasonable i n t e r f a c e  ana lys i s .  This  f e a t u r e  made t h e  i n t e r -  
f a c i a l  measurements repar ted  i n  t h i s  document f ea s ib l e .  The 
organic  system s e l e c t e d  has s eve ra l  o t h e r  f e a t u r e s  which made 
i a near ly  i d e a l  model f o r  lamellar e u t e c t i c  s o l i d i f i c a t i o n .  
Control  o f  t h e  growth condi t ions  dur ing observat ion 
of t he  i n t e r f a c e s  was another p r e r e q u i s i t e  f o r  t h e  work. The 
Temperature Gradient  Microscope (descr ibed i n  s ec t ion  9.1) was 
designed s p e c i f i c a l l y  to  o p e r a t e  w i t h  t h e  o r g a n i c  system and 
to  provide  a maximum of v e r s a t i l i t y .  The a b i l i t y  t o  ach ieve  
h igh thermal  s t a b i l i t y ,  s low growth rates and shal low thermal  
g r a d i e n t s  were t h e  impor tant  d e s i g n  parameters  around which t h e  
appara tus  w a s  cons t ruc ted .  A method of o b t a i n i n g  h igh o p t i c a l  
r e s o l u t i o n  o f  t h e  i n t e r f a c e  p r o f i l e  was also needed. The 
o r g a n i c  w a s  s e a l e d  i n  t h i n  g l a s s  cells to  provide  t h e  optimum 
geometry f o r  s tudy.  
S i m i l a r  appara tus  h a s  been used i n  t h e  p a s t  f o r  
r e sea rch ,  and to  demonstrate  s o l i d i f i c a t i o n  phenomena w i  .h 
t r a n s p a r e n t  o r g a n i c s  t o  s t u d e n t s .  F a m i l i a r i t y  wi th  t h e  behaviour 
of t h e s e  o r g a n i c  a l l o y s  w a s  ob ta ined  i n  t h i s  work, by r e p e a t i n g  
most o f  t h e  b a s i c  s o l i d i f i c a t i o n  experiments ,  w i t h  many 
composi t ions o f  t h e  model a l l o y  system. New cel l  d e s i g n s  w e r e  
developed to expand t h e  t y p e s  o f  experiments  f u r t h e r .  An 
impor tant  new form o f  cel l  w a s  t h e  fo rced  convect ion cell. I n  
s i t u  obse rva t ion  o f  convect ive  phenomena a t  a growing e u t e c t i c  
i n t e r f a c e  revea led  many e f f e c t s  both  o l d  and new. Most of 
t h e s e  e f f e c t s  have n o t  been d i r e c t l y  observed p rev ious ly .  
The use  o f  o r q a n i c  materials, t h i n  cells and t h e  
thermal  g r a d i e n t  microscope were found very w e l l  s u i t e d  t o  t h e  
g r a i n  boundary groove a n a l y s i s  technique.  With t h e  same 
appara tus  used f o r  c o n t r o l l e d  e u t e c t i c  growth, s t a b l e  g r a i n  
boundary grooves a t  s t a t i o n a r y  s i n g l e  phase s o l i d - l i q u i d  i n t e r -  
f a c e s  could be prepared.  Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  i n t e r f a c i a l  
f r e e  e n e r g i e s  t hen  became f e a s i b l e .  E u t e c t i c  i n t e r f a c e  cha rac -  
t e r i z a t i o n  w a s  t h e n  n e a r l y  completed i n  a q u a n t i t a t i v e  manner. 
T h i s  was t h e  case f o r  b o t h  s t a t i o n a r y  and s lowly  growing e u t e c t i c  
or s ing le -phase  s o l i d - l i q u i d  i n t e r f a c e s .  
Throughout t h i s  document, t h e  p h r a s e s :  i n t e r f a c i a l  f r e e  
ene rgy ,  s u r f a c e  t e n s i o n ,  and i n t e r f a c i a l  e n e r g y , a r e  used.  These 
phrases are used i n  a synonymous manner i n  t h i s  r e p o r t  and a r e '  
i n t ended  to mean, more p r e c i s e l y ,  " s p e c i f i c  i n t s r f a c i a l  f r e e  
energy" .  
THEORETICAL BACKGROUND 
8.1  Historical 
8.1.1 Lamel la r  E u t e c t i c  Growth Theory 
S o l i d i f i c a t i o n  o f  e u t e c t i c  a l l o y s  r e s u l t s  i n  numerous 
and v a r i e d  m i c r o s t r u c t u r e s .  C l a s s i f i c a t i o n  o f  t h e s e  s t r u c t u r e s  
h a s  been a t t empted  s e v e r a l  times [ 2 ,  1 7 ,  181 . According t o  
S c h e i l  [171 , e u t e c t i c s  can  be b r o a d l y  c l a s s i f i e d  i n t o  t w o  g roups ,  
t h o s e  w i t h  normal m i c r o s t r u c t u r e s  and t h o s e  w i t h  abnormal micro- 
s t r u c t u r e s .  (The more commonly a c c e p t e d  t e r m s  f o r  +.hese 
e u t e c t i c  t y p e s  a r e  now r e g u l a r  and anomalous, r e s p e c t i v e l y . )  
Growth t h a t  produces  a "normal" m i c r o s t r u c t u r e  w a s  t hough t  t o  
o c c u r  when b o t h  phases  s o l i d i f i e d  s i d e  by s i d e  w i t h  e q u a l  
v e l o c i t y .  [17] Examples o f  e u t e c t i c s  t h a t  s o l i d i f y  i n  t h i s  way 
a r e  t h e  common lamellar and f i b r o u s  t y p e s .  Anomalous e u t e c t i c  
s t r u c t u r e s  i n c l u d e  a l l  t h o s e  which have less r e g u l a r i t y  t h a n  
t h e  r e g u l a r  e u t e c t i c s .  An example i s  t h e  "Chinese S c r i p t "  
m i c r o s t r u c t u r e .  [17, 401 O t h e r s  a r e  p r e s e n t l y  working on t h e  
problem o f  c h a r a c t e r i z i n g  t h e s e  complex morphologies  i n  d e t a i l  
from m e t a l l o g r a p h i c  s e c t i o n s .  130, 311 
Lamel la r  e u t e c t i c s  a r e  t h e  most i n t e r e s t i n g  o f  t h e  
r e g u l a r  t y p e s  as many me ta l  e u t e c t i c s  have a l a m e l l a r  
marphology. The l a m e l l a r  t y p e  o f  morphology i s  a l s o  s i m p l e r  
t o  a n a l y z e  ma thema t i ca l ly .  The lamellar morphology is b e s t  
r e p r e s e n t e d  as an i n f i n i t e  p l a t e  s t r u c t u r e .  I n  me ta l  l a m e l l a r  
e u t e c t i c s ,  t h e s e  p l a t e s  are o n l y  a few micrometers  cr less 
t h i c k .  Due t o  t h e  symmetry o f  t h i s  s t r u c t u r e ,  t h e  s o l i d -  
l i q u i d  i n t e r f a c e  p r o f i l e  o f  a growing lamellar e u t e c t i c  can  
t h e n  b e  r e p r e s e n t e d  conven ien t ly  i n  a two-dimensional C a r t e s i a n  
c o o r d i n a t e  system. These traits make t h e  s tudy  o f  l a m e l l a r  
e u t e c t i c s  more a t t r a c t i v e  t o  t h o s e  who wish t o  s t u d y  e u t e c t i c  
s o l i d i f i c a t i o n .  
I n  t h e  p a s t ,  t h e  fo l lowing  workers have performed a 
two-dimensional mathematical  a n a l y s i s  o f  l a m e l l a r  e u t e c t i c  
growth: H i l l e r t  [19] , T i l l e r  [21 ] ,  Jackson and Hunt I81 ,  
Glicksman and Nash [ 2 0 ,  841 anu Nash [27] .  They developed 
r e a l i s t i c  s o l i d - l i q u i d  i n t e r f a c e  p r o f i l e s  from " f i r s t  
p r i n c i p l e s "  a n a l y s i s  of  t h e  c o n d i t i o n s  f o r  e u t e c t i c  growth. 
The d e s c r i p t i v e  a n a l y s i s  which fo l lows  is  a modif ied  v e r s i o n  
of  t h e  classic Jackson and Hunt theory .  [ 8 ,  2 ,  7 ,  381 
Growth o f  a e u t e c t i s  o c c u r s  by an "unmixing" a c t i o n  
i n  which a l i q u i d  t r ans fo rms  to  two s o l i d s  (L+a +B) as shown 
i n  t h e  h y p o t h e t i c a l  s imple  b i n a r y  phase diagram, F ig .  8.1. 
Under e q u i l i b r i u m  c o n d i t i o n s ,  a l i q u i d  o f  e u t e c t i c  composi t ion ,  
CE, made up from components A and B w i l l  s o l i d i f y  a t  t h e  
i n v a r i a n t  temperacure TE, t o  form a two-phase s o l i d  made up 
o f  t h e  phases  a and 6 wi th  t h e  r e s p e c t i v e  composi t ions  Ccc and 
cf3. 
The format ion  o f  lamellae from t h e  l i q u i d  o c c u r s  
Fig. 8.1 
by s imul taneous  edgewise growth o f  t h e  t w o  phases  of t h e  e u t e c t i c  
i n t o  t h e  l i q u i d ,  s o  t h a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  is made up of 
a l t e r n a t i n g  l a y e r s  o f  t h e  a and 0 phases  i n  c o n t a c t  w i t h  t h e  -. 
l i q u i d .  The i n i t i a l  s i m p l i f i c a t i o n  made by Jackson and Hunt, as 
w e l l  as o t h e r  workers ,  was t h a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  was 
p l a n a r  and i so the rma l .  
A s  t h e  l ame l l ae  grow i n t o  t h e  l i q u i d ,  s o l u t e  is  
, 2 
, . 
r e j e c t e d  i n t o  t h e  l i q u i d  from t h e  s o l i d - l i q u i d  i n t e r f a c e s  o f  t h e  
two phdses.  The amount o f  r e j e c t e d  m a t e r i a l  could  be  c a l c u l a t e d  
from t h e  phase diagram i n  t h e  same way it would be c a l c u l a t e d  j I 
f o r  a s i n g l e  phase i n t e r f a c e  i f  t h e r e  were no i n t e r l a m e l l a r  
d i f f u s i o n .  During s t e a d y  state growth a l a y e r  o f  r e j e c t e d  
! : 
~. 
s o l u t e  would b u i l d  up i n  t h e  l i q u i d  a d j a c e n t  t o  each  o f  t h e  
i n t e r f a c e s .  T h i s  b u i l d u p  would cause  each  o f  t h e  two phases  t o  
grow from l i q u i d  r i c h  i n  s o l u t e  and t h e r e f o r e  from l i q u i d  
g r e a t l y  undercooled w i t h  r e s p e c t  t o  TE. Growth can i n  f a c t  
proceed wi thou t  s u b s t a n t i a l  undercool ing  because t h e  s o l u t e  
r e j e c t e d  by one phase i s  a major component o f  t h e  a d j a c e n t  
phase. The c o n c e n t r a t i o n  g r a d i e n t  o f  s o l u t e  r e q u i r e s  t h e  
r e j e c t e d  s o l u t e  t o  be consumed by s o l i d i f y i n g  t o  form t h e  
neighbouring l a m e l l a  r a t h e r  than  d i f f u s i n g  i n t o  t h e  bulk  l i q u i d .  
L a t e r a l  d i f f u s i o n  is t h e  response  t o  t h e  r e j e c t i o q  o f  s o l u t e  
which pe rmi t s  f r e e z i n g  a t  tempera tures  much c l o s e r  t o  TE t h a n  
would o t h e r w i s e  be p o s s i b l e .  Only d i f f u s i o n  i n  t h e  l i q u i d  is  
cons ide red  s i n c e  d i f f u s i o n  i n  t h e  s o l i d  is n e a r l y  always 
s e v e r a l  o r d e r s  o f  magnitude slower. There are t h r e e  components 
to  t h e  d i f f u s i o n  path :  one com130nent i s  d i r e c t e d  i n t o  t h e  l i q u i d  
away from t h e  i n t e r f a c e  a long  t h e  growi d i r e c t i o n  o r  normal 
t o  t h e  s o l i d - l i q u i d  i n t e r f a c e ,  and t h e  o t h e r  components p r o j e c t  
norn~a l  t o  t h i s  d i r e c t i o n  p a r a l l e l  t o  t h e  s o l i d - l i q u i d  i n t e r f a c e .  
The d i f f u s i o n  p a t h  component p a r a l l e l  t o  t h e  p lane  between t h e  
phases and p a r a l l e l  t o  t h e  s o l i d - l i q u i d  i n t e r f a c e  should  n o t  
concern one i n  t h e  a n a l y s i s  as t h i s  component does n o t  c o n t r i -  
b u t e  t o  t h e  mass ba lance  or, a l t e r n a t i v e l y ,  t h e r e  is  no 
concen t ra t ion  g r a d i e n t  t o  d r i v e  d i f f u s i o n  i n  t h i s  d i r e c t i o n .  
T h i s  concept  conforms wi th  t h e  two-dimensiondl a n a l y s i s  which 
was a l r e a d y  adopted. 
The m a t e r i a l  rejected i n t o  t h e  l i q u i d  from one l a m e l l a  
is  t h e  major c o n s t i t u e n t  of  t h e  neighbouring lamel lae .  This  f a c t  
i n c r e a s e s  t h e  d i f f u s i v e  f l u x  o f  t h e  e u t e c t i c  c o n s t i t u e n t s  by 
providing good sources  and s i n k s  f o r  t h e  c o n s t i t u e n t s  of t h e  
l a m e l l a r  phases.  The e f f i c i e n c y  o f  c r o s s - d i f f u s i o n  of  s o l u t e  
is  maximized by reducing t h e  d i f f u s i o n  d i s t a n c e .  A p l a n a r  
i n t e r f a c e  is  t h e r e f o r e  t h e  most e f f i c i e n t  morphology. 
The i n t e r f a c e  is i so the rmal  and undercooled by a 
temperature AT, t o  a temperature To. A s  t h e  d i f f u s i o n  c o e f f i c i e n t  
becomes smaller, or t h e  growth r a t e  l a r g e r ,  t h e  undercooling 
i n c r e a s e s  (provided t h e  l a m e l l a r  spacing does n o t  change a s  
w e l l ) .  
Because of t h e  p h y s i c a l  s e p a r a t i o n  between t h e  phases ,  
d i f f u s i o n  of  s o l u t e  from t h e  l i q u i d  n e a r  t h e  midsect ion  o f  a 
lamella to the neighbouring lamella is more difficult than the 
cross-diffusion of the solute from the region in the liquid 
near the phase boundaries. The result is variation of the 
liquid composition across the solid-liquid interface of a 
lamella, symmetrical about the middle (centre line) of the 
lamella. The point of maximum solute buildup at the interface 
occurs in the middle of each lamella and the deviation from 
eutectic composition approaches a minimum at cr ztcr the phase 
boundaries. 
The consequence of this assertion is t, ,he 
composition of the solid which forms varies from point to paint 
across the width of a lamella. The result of this conclusion 
is that the local interface temperature (the local undercooling) 
must also vary in accordance with the aforementioned variation 
in local composition. The finding is that there is an abro- 
gation of the initial assumption of the isothermality of the 
solid-liquid interface. 
Jackson and Hunt (as well as others) preserved inter- 
facial isothermality by local compensation of the variatians 
in solute induced undercooling. This was done by offsetting 
the local variation of undercooling along the solid-liquid 
interface with an equivalent, bdt opposing contribution of 
curvature of the interface. [8, 7, 21 The addition of 
curvature is consistent with the direct observa ion of eutectic 
interfaces, with the surface tension balance at the interphase 
boundaries and with the Gibbs - Thomson relationship 
between undercool ing  an5  s o l i d - l i q u i d  i n t e r f a c i a l  energy  (see 
s e c t i o n  8.1.2).  Jackson and Hunt a s s e r t e d  t h a t  t h e  n e t  c u r v a t u r e  
a t  all p o i n t s  on t h e  i n t e r f a c e  3 s  such as t o  keep t h ~  i n t e r f a c e  
i s o t h e r m a l  bee,, uni formly  undercooled)  . 
The Jackson and Hunt a n a l y s i s  does n o t  i n c l u d e  thermal  
parzmeters  such as thermal  c o n d u c t i v i t i e s  o r  g r a d i e n t s .  T h i s  is  
j u s t i f i e d  by s t a t i n g  growth o c c u r s  under s t e a d y  s t a t e  c o n d i t i o n s  
( t h e  i n t e r f a c e  v e l o c i t y  i s  c o n s t a n t ) .  They found a  s o l u t i c c  t o  
t h e  d i f f u s i o n  e q u a t i o n  w i t h  t h e  boundary c o n d i t i o n s  o b t a i n e d  from 
t h e  pl i inar  geometry p r e s e n t e d  f o r  a  l a m e l l a r  e u t e z t i c  s o l i d - l i q u i d  
i n t e r f a c e .  Th i s  s o l u t i o n ,  reproduced below, g i v e s  t h e  l o c a l  
l i q u i d  composi t ion ahead o f  i h e  i n t e r f a c e  [ a ]  : 
when : 
C = composition i n  l i q u i d  (eg. w/o B i n  A i n  Fig.  8.1) 
C~ = e u t e c t i c  composition (Fig. 8.1) 
C o ) = C -  CE @ z = -  
V = v e l o c i t y  
D = d i f f u s i o n  c o e f f i c i e n t  i n  l i q u i d  
Sa, SB = h a l f  width o f  lamellae 
z = d i s t a n c e  i n t o  l i q u i d  from t h e  i n t e r f a c e  @ z = 0 
x a x i s  is  normal to  growth d i r e c t i o n  
x = o i n  middle of  a phase 
Co = coa + Co 0  
CO" = CE - Ca (Fig .  8.1) 
coB = CB - CE (Fig. 8.1) 
A s i m i l a r  b u t  independently developed v e r s i o n  of thi: 
equat ion  was formed by Donoughey and T i l l e r .  [32] Note t h a t  
t h e  composition v a r i a t i o n  is  a  f u n c t i o n  of  t h e  lamellar widths  
hu t  t h e  known dependence o f  l a m e l l a r  spac ing  ( twice(Sa  + S 0 ) )  
on growth rate is n o t  p rov ided  f o r .  
From t h e  s l o p e  o f  t h e  l i q u i d i  t h e  local unde rcoo l ing  
a t  t h i s  i n t e r f a c e  is q u a n t i f i e d .  Jackson  and Hunt t h e n  f i t t e d  
t h e  a p p r o p r i a t e  amourkt of  c u r v a t u r e  t o  t h e  i n t e r f a c e  depending 
on t h e  Gibbs - Thomson c o e f f i c i e n t s .  I n  o r d e r  t o  o b t a i n  a 
" c a l c u l a t e d n  i n t e r f a c e  shape ,  t h e  Jackson  and Hunt s o l u t i o n  
r e q u i r e s  a  p a i r  c f  a n g l e s  f o r  t h e  t a n g e n t s  o f  e a c h  s o l i d -  
l i q u i d  i n t e r f a c e  w i t h  r e s p e c t  t o  t h e  normal t o  t h e  growth 
d i r e c t i o n  a t  t h e  j u n c t i o n  between t h e  phases .  Bes ides  t h e  
h a l f  w i d t h s  of  t h e  l a m e l l a e ,  t h e  l a s t  cr i t ical  f a c t o r  i n  t h e  
c a l c u l a t i o n s  f o r  t h e  i n t e r f a c e  p r o f i l e  w a s  a  term, n, which 
c o n t a i n e d  t h e  r a t i o s  o f  t h e  Gibbs - Thomson c o e f f i c i e n t s  and 
s l o p e s  o f  l i q u i d i :  TJ= - a6 mu where a @ ,  aa are Gibbs - Thomson 
a a  mt3 
c o e f f i c i e n t s  and ma, mR are t h e  s l o p e s  o f  t h e  l i q u i d i ,  f o r  each  
phase.  
J ackson  and Hunt d i s c o v e r e d  t h e  o r g a n i c  e u t e c t i c  
system,  Carbon Tet rabromide  - H e x a c h l ~ r o e t h a n ~ ? ,  f r o z e  t h e  a l l o y  
u n i i i r e c t i o n a l l y  on a t empera tu re  g r a d i v n t  s t a g e  and photo- 
graphed t h e  i n t e r f a c e s .  The micrographs  were measured and t h e  
c a l c u l a t e d  s l o p e s  of t h e  l i q u i d i  were a p p l i e d  t o  t h e  e q u a t i o n s  
they  d e r i v e d  t o  c a l c u l a t e  i n t e r f a c e  p r o f i l e s .  They assumed t h e  
Gibbs - Thomson c o e f f i c i e n t s  f o r  each phase were e q u a l  and a l s o  
a d j u s t e d  t h e  v a l u e  of q u n t i l  t h e  c a l c u l a t e d  shapes  matched t h e  
micrographs.  Many of  t h e  p a r a m e t e r s  i n  t h e  e q u a t i o n s  were n o t  
n v a i l a b l e  a t  t h a t  t i m e ,  b u t  are a v a i l a b l e  now as a r e s u l t  o f  
t h e  r e s e a r c h  r e p o r t e d  he re .  A l l  t h e  v a r i a b l e s  f o r  t h e  
Jackson and Hunt equations are now available, and the inter- 
face profiles can be drawn. The results, using the data from 
this report, are drawn in Fig. 8.2. This figure shows a 
perspective view of the "calculated" growing interface and 
superimposed on this is the local composition of Hexachloroethane 
component in the liquid. The interface velocity was selected as 
one micrometer per second and the diffusion coefficient was 
assumed to be 2 x lo-' cm2/sec. Another combination of the 
values for the parameters needed in the Jackson and Hunt analysis 
could lead to the formation (development) of neqative curvature 
at the tips of the lamellae in Fig. 8.2. [8] The data supplied 
for Fig. 8.2 were from experimental measurements described later 
in this report. Negati\e curvature would be the morphological 
manifestation of the solute-induced undercooling. The solute 
buildup ahead of each lamella as shown in Fig. 8.2 could, under 
other circumstances cause the negative curvature described in 
[ 8 ] .  An interface with negative curvGture can be found in 
section 10.2.1. The lamellar spacinq and growth rate, in turn 
limit the time allowed for diffusion to occur. If the 
perturbations of composition in the liquid ahead of the solid 
(example Fig. 8.2) are reduced by decreasing the growth rate, 
then the temperature of freezing will approach the equilibrium 
temperature, TE, from below on the phase 'iagram. 
In the Jackson and Hunt analysis, contributions to 
interface undercooling other than solute diff~sivity and curvature 

were assumed to  be n i l .  What fo l lows is a compi la t ion  o f  
t h e  sources  f o r  undercooling i n  a growing e u t e c t i c  s o l i d -  
l i q u i d  i n t e r f a c e .  
From t h e  phase diagram, t h e  undercooling,  ATD0 due 
to  t h e  composition v a r i a t i o n s  r e s u l t i n g  from d i f f u s i o n  i n  t h e  
l i q u i d  a d j a c e n t  t o  the  i n t e r f a c e  is given by: ATD = m (CE - CL\ 
where in is  t h e  s l o p e  of t h e  l i q u i d u s ,  CE t h e  e u t e c t i c  
c c s p s i t i o n  and C t h e  composition of  t h e  l i q u i d .  L 
The second c o n t r i b u t i o n  t o  t h e  undercooling comes 
from t h e  c u r v a t u r e  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e .  P e r i o d i c  
c u r v a t u r e  i n  t h e  i n t e r f a c e  would allow e q u i l i b r i u m  to  be a t t a i n e d  
a t  a l l  p o i n t s  on t h e  ( n e a r l y )  i so the rmal  i n t e r f a c e  even though 
t h e r e  a r e  composi t ion v a r i a t i o n s  i n  t h e  l i q u i d  i n  c o n t a c t  wi th  
t h e  s o l i d .  Curvature ,  i n t e r f a c i a l  energy and undercooling a r e  
r e l a t e d  through t h e  G i b b s  - Thomson equat ion .  Th i s  r e l a t i o n  is  
presented  i n  s e c t i o n  8.1.2. A s i m p l i f i e d  v e r s i o n  of  t h e  
r e l a t i o n s h i p  between t h e  r a d i u s  of c u r v a t u r e  and undercooling 
is  given: ATR = a/r where "a" is  t h e  Gibbs - Thomson 
c o e f f i c i e n t ,  and "r" is t h e  r a d i u s  of c u r v a t u r e  a t  a p o i n t  on 
t h e  i n t e r f a c e .  The two c o n t r i b u t i o n s  to  t h e  under- 
coo l ing  used by Jackson and Hunt have been presented .  The n e t  
r e s u l t i n g  undercooling is: AT = ATD + ATR 
*When a s o l i d  forms below i t s  mel t ing  p o i n t ,  t h e  
d i f f e r e n c e  i n  f r e e  energy between t h e  l i q u i d  and s o l i d  can be 
i n  p a r t  d i s s i p a t e d  i n  i r r e v e r s i b l e  p rocesses  or i n  p a r t  s t o r e d  
i n  t h e  s o l i d  as nonequil ibr ium s t r u c t u r a l  components such as 
g r a i n  boundar ies  and s u b s t r u c t u r s s . "  [78]  T h i s  s t a t e m e n t  
impl ies  t h a t  t h e  formation of t h e  s o l i d - s o l i d  phase boundary 
dur ing  e u t e c t i c  s o l i d i f i c a t i o n  is a c o n t r i b u t i o n  t o  t h e  under- 
coo l ing  o f  t h e  i n t e r f a c e .  The undercooling s u p p l i e s  energy 
f o r  t h e  formation of t h e  phase boundary between the t w o  s o l i d  
phases. [21] The f r e e  energy d i f f e r e n c e  p e r  u n i t  mass 
between t h e  solid and l i q u i d  should  correspond l a r g e l y  t o  t h e  
i n t e r f a c i a l  f r e e  energy o f  t h e  a-f3 phase boundary (of  t h e  
h y p o t h e t i c a l  a l l o y ) .  Thus, t h e  s o l i d - l i q u i d  i n t e r f a c e  
temperature depends i n  p a r t  on y ( t h e  i n t e r f a c i a l  f r e e  energy 
aB 
f o r  t h e  phase boundary between a and B ) .  The r e l a t i o n  between 
undercooling and i n t e r f a c i a l  energy was given by T i l l e r  [21] as 
ATy = 2yaB/hPSf, where LSf i s  t h e  en t ropy  of  f u s i o n  p e r  u n i t  
volume, and X i s  t h e  lamellar spacing.  
D e n d r i t i c  s o l i d i f i c a t i o n  o f  s i n g l e  phase a l l o y s  can 
e x h i b i t  one of two growth forms, f a c e t e d  o r  nonfaceted.  The 
f a c e t e d  i n t e r f a c e  has an a tomica l ly  smooth s u r f a c e ,  whi le  t h e  
nonfaceted s u r f a c e  i s  a tomica l ly  rough. As a r e s u l t ,  i t  is 
e a s i e r  f o r  an atom i n  t h e  l i q u i d  t o  s o l i d i f y  o n t o  t h e  nonfaceted 
s u r f a c e  than  on t h e  f a c e t e d  one, s i n c e  t h e r e  a r e  fewer sites 
s u i t a b l e  f o r  t h e  atom t o  d e p o s i t  on i n  t h e  l a t t e r  case .  14,  1, 
3, 381 I f  t h e  i n t e r f a c e  were s t a t i o n a r y ,  i t s  tempera ture  would 
be t h e  e q u i l i b r i u m  tempei-ature. The d r i v i n g  f o r c e  f o r  growth 
which causes  l i q u i d  atoms t o  d e p o s i t  on t h e  s o l i d  is s u p p l i e d  
by an  i n t e r f a c i a l  undercoolinq. T h i s  t y p e  of  undercooling is 
t h e  k i n e t i c  undercooling,  ATK. The rough, nonfaceted i n t e r -  
f a c e  can grow more e a s i l y  and f a s t e r  t h a n  t h e  f a c e t e d  i n t e r -  
f a c e  and w i t h  less undercooling. The growth c h a r a c t e r i s t i c s  
of s i n g l e  phase i n t e r f a c e s  a r e  maintained by each phase of 
a  e u t e c t i c .  A e u t e c t i c  i n t e r f a c e  grows wi th  an  undercooling 
which i n c o r p o r a t e s  t h e  k i n e t i c  undercooling from t h e  s o l i d -  
l i q u i d  i n t e r f a c e  of each phase. The t y p i c a l  l a m e l l a r  e u t e c t i c  
is  made up o f  t w o  phases which grow i n  a nonfaceted manner. 
Therefore,  t h e  l amel la r  e u t e c t i c  w i l l  grow w i t h  t h e  lowest  
k i n e t i c  undercooling ( 2 ,  21, 351. F requen t ly ,  d u r i n ~  
d i s c u s s i o n s  of i n t e r f a c i a l  undercouling,  t h e  k i n e t i c  undercooling 
is  neg lec ted  f o r  l a m e l l a r  e u t e c t i c s  because t h e  magnitude, 
r e l a t i v e  t o  t h e  o t h e r  c o n t r i b u t i o n s  of  undercooling,  is 
n e g l i g i b l e  [ 7 ,  8,  211. 
Together ,  t h e  above c o n t r i b u t i o n s  give t h e  o v e r a l l  
undercooling of  t h e  growing e u t e c t i c  i n t e r f a c e .  The  under- 
coo l ing  a t  each p o i n t  on t h e  i n t e r f a c e  is  now given as: 
A r e l a t i o n s h i p  between i n t e r f a c i a l  undercool ing  (AT) 
and growth r a t e  ( a )  was found by t h e  workers i n  t h e  e a r l y  
a n a l y s i s  o f  l a m e l l a r  e u t e c t i c  growth: Zener [ 2 2 ] ,  Hillert  (191, 
T i l l e r  [21]  and Jackson and Hunt [B].  The r e l a t i o n s h i p  i s  
bT/R = c o n s t a n t .  T h i s  p r e d i c t s  t h a t  a s  t h e  growth r a t e  i c c r e a s e s ,  
I i 
t h e  i n t e r f a c i a l  undercool ing  i n c r e a s e s .  Exper imenta l ly ,  a s  w e l l  I t  
i 
as t h e o r e t i c a l l y ,  a  r e l a t i o n s h i p  between lamellar spacing 
(A = 2 (Sa + S B ) )  and growth rate was found. The form of this 
relation is A'R = constant. The relationship between A and R 
was discovered by experiment on metal eutectics before the 
theories were conceived. (23, 76, 36,  28, 17, 351 The 
relationship between AT and R was verified only after the 
theories were refined and the experimental techniques developed. 
[ 2 4 ,  25) The experimental difficulty lay in the small temperature 
differences which these interfacial undercoolings represent 
(generally less than one degree Celsius). 
In order to obtain the functional relationships from 
the theories discussed above, an assumption was made; the workers 
adopted a condition, an "extremum condition", which states that 
the solid-liquid interface will try to grow with the minimum 
possible undercooling, or alternatively, to grow with the 
greatest velocity for a given lamellar spacing. The experi- 
mental verification of the functional relationships does not, 
however, verify that the minimum undercooling condition is the 
controlling mechanism. For example, the condition is not 
based on a mechanism which allows the lamellar spacing to 
adjust itself under the influence of growth conditions. In 
addition, others [35] have found, through experiment, that 
growth does occur near but not necessarily at the extremum. 
According to another altoqether different analysis 
by Cline [26], stable lamellar growth could occur with spacings 
larger than that corresponding to a minimum uncercooling while 
t h e  i n t e r f a c e  is u n s t a b l e  w i t h  smaller spac ings .  U n f o r t u n a t e l y ,  
this a n a l y s i s  has o n l y  been performed on a mathemat ica l  model 
w i t h  an i d e a l ,  h y p o t h e t i c a l  e u t e c t i c .  
The i n t e r f a c e  a n a l y s i s  by C o l i n ,  e t  a 1  (331 t r i e d  to  
relate t h e  d i f f u s i o n  problem i n  t h e  l i q u i d  a t  t h e  i n t e r f a c e  t o  
t h e  c o r r u g a t e d  shape  o f  t h e  i n t e r f a c e .  Shape v a r i a t i o n s  l i k e  
l e a d i n g  d i s t a n c e  of one phase  o v e r  t h e  o t h e r ,  and d e g r e e  o f  
convex i ty ,  a p p e a r  to  have s i g n i f i c a n t  e f f e c t s  upon t h e  
composi t ion g r a d i e n t s  i n  t h e  l i q u i d .  The a n a l y s i s  u s e s  the 
i n t e r f a c e  shape  t o  d e f i n e  t h e  c o n d i t i o n s  f o r  s o l u t e  d i f f u s i o n .  
R. W. S e r i t s  e t  a1 [ 3 4 ]  have,  i n  a  r e c e n t  p a p e r ,  improved 
t h e  o r i g i n a l  Jackson  and  Hunt e q u a t i o n s ,  and s u b s t a n t i a t e  
t h e  r e s u l t s  w i t h  measurements u s i n g  e l e c t r o n i c  ana logue  
t echn iques .  T h i s  pape r  ties t h e  phase  d iagram more c l o s e l y  
t o  t h e  compos i t ion  e q u a t i o n s  and r e d u c e s  t h e  number of  
assumpt ions  o f  t h e  o r i g i n a l  Jackson  and Hunt pape r .  
So f a r ,  p l a n a r ,  l a m e l l a r  e u t e c t i c  i n t e r f a c e s  have 
been d i s c u s s e d .  The i n h e r e n t  c h a r a c t e r  o f  f r e e z i n g  e u t e c t i c s  
can b e  a l t e r e d  by t h e  p r e s e n c e  o f  a s u i t a b l e  t h i r d  component. 
The t e r n a r y  component may b e  e i t h e r  d e l i b e r a t e l y  added t o  change 
t h e  p r o p e r t i e s  o f  t h e  m a t e r i a l ,  or may b e  p r e s e n t  a s  an i m p u r i t y .  
I n  t h e  p a s t ,  changes i n  a  e u t e c t i c  m i c r o s t r u c t u r e  have been 
induced by t e r n a r y  a d d i t i o n s  or by a l t e r i n g  t h e  compos i t ion  by 
u s i n g  ve ry  p u r e  components. Some o f  t h e  changes i n c l u d e  t h e  
removal o f  f a c e t e d  f e a t u r e s  t o  produce smoo*.h i n t e r f a c e s ,  g r a i n  s i z e  
changes,  i n c r e a s e d  o r  dec reased  u n i f o r m i t y  i n  t h e  micro- 
s t r u c t u r e ,  t h e  a d d i t i o n  o f  new phases ,  etc. These changes 
have been c a l l e d  m o d i f i c a t i o n s  170, 72 - 76, 35, 7, 19 ,  
361. A l a m e l l a r  t o  f i b r o u s  t r a n s i t i o n  h a s  a l s o  been observed  
when growth rates reached a cr i t ical  v a l u e  w i t h o u t  changes 
i n  composition. Some b e l i e v e  t h i s  may, as w e l l ,  be  an impur i ty  
induced modi f i ca t ion  [ 7 ,  261. 
From a su rvey  o f  t h e  l i t e r a t u r e ,  two forms o f  modi- 
f i c a t i o n  emerge. One form o f  m o d i f i c a t i o n  i s  t h e  r e s u l t  o f  
c o n s t i t u t i o n a l  undercoo l ing  o f  t h e  i n t e r f a c e  i n  a way analogous  
t o  s i n g l e  phase p l a n a r  i n t e r f a c e s  [ 5 ,  7, 15 ,  261. The t e r n a r y  
s o l u t e  i s  r e j e c t e d  i n t o  t h e  l i q u i d  and b u i l d s  up a t  t h e  i n t e r -  
f a c e .  The r e s u l t  o f  c o n s t i t u t i o n a l .  undercool ing  of a p l a n a r  
e u t e c t i c  i n t e r f a c e  i s  t h e  breakdown o f  t h e  i n t e r -  
f a c e  t o  e u t e c t i c  c e l l s  ( c o l o n i e s )  o r  d e n d r i t e s .  A f t e r  breakdown 
t h e  s o l i d - l i q u i d  i n t e r f a c e  ex tends  from a t h i c k  l a y e r  of  s o l i d  
wi th  l i q u i d  channe l s  s e p a r a t i n g  t h e  r e g i o n s  of  a l l  s o l i d  from 
a l l  l i q u i d .  T h i s  l a y e r  can  be  ove r  two hundred micrometers  t h i c k .  
T h i s  behaviour  i s  analogous t o  cel l  and d e n d r i t e  format ion  i n  
s i n g l e  phase m a t e r i a l s  [72, 731. I n  a d d i t i o n ,  t h e  l o c a l  
growth d i r e c t i o n  o f  t h e  i n t e r f a c e  i s  a t  an  a n g l e  and may even be  
normal to  t h e  h e a t  f low d i r e c t i o n .  A s  a r e s u l t ,  t h e  f i n a l  micro- 
s t r u c t u r e  shows l e s s  un i fo rmi ty  than  t h e  s t r u c t u r e  from a 
u n i d i r e c t i o n a l l y  grown p l a n a r  e u t e c t i c  i n t e r f a c e .  The second 
form of  m o d i f i c a t i o n  i s  b e l i e v e d  t o  be (35, 17 ,  70, 71, 74, 771 
t h e  r e s u l t  t h e  a c t i o n  t h e  t e r n a r y  component h a s  on t h e  
nature of the solid-liquid interfaces of the two phases or on 
the solid-solid interphase interface. It seems possible that 
the modification can occur with the interface maintaining its 
planar character (author's comment). An interesting aspedt 
of this type of modification is the small concentration of 
ternary which can induce the changes. As well, a further 
increase of the concentration may not promote an additional 
change. Examples of the second type of modification are the 
addition of sodium to the A1-Si eutectic casting alloy or of 
magnesium, cerium or silicon to Fe-C eutectic 170, 75, 36, 
7,  741, 
During controlled solidification of eutectics, one 
could prevent constitutional undercooling effects by appli- 
cation of the proper temperature gradient and growth rate 
combinations without changing the composition. This is true 
even when the constitutional undercooling is caused by the 
rejection of solute (which is itself a component of the eutectic) 
which results from the use of off-eutectic compositions. The 
detailed mechanisms of how the solute may interact with the 
eutectic interface are, to date, not fully understood or 
substantiated. Comprehensive discussions of some of these 
mechanisms are found in the literature [ 5 ,  7, 15, 17, 19, 
26, 35, 36, 40, 43, 70 - 77). 
8.1.2 The Formation o f  Gra in  Botmdary Grooves 
When t h r e e  phases  are s imul t aneous ly  i n  c o n t a c t  w i t h  
one a n o t h e r ,  t h e  i n t e r f a c e s  bounding t h e s e  phases  must meet 
a long  a l i n e .  T h i s  l i n e  i s  h e r e  c a l l e d  a t r i j u n c t i o n .  An 
i n t e r f a c e  w i l l  e x i s t  between two c r y s t a l s  of  t h e  same s t r u c t u r e  
and composi t ion i f  t h e r e  is s u f f i c i e n t  d i f f e r e n c e  between t h e  
two c r y s t a l  o r i e n t a t i o n s .  T h i s  is a g r a i n  boundary. The 
remainder of  t h i s  s e c t i o n  w i l l  relate to  t h e  c o n d i t i o n  where 
two o f  t h e  t h r e e  phases  a t  a t r i j u n c t i o n  are g r a i n s ,  t h e  t h i r d  
phase is l i q u i d ,  and one of t h e  t h r e e  i n t e r f a c e s  i s  a g r a i n  
boundary. For t h e  remainder  o f  t h i s  d i s c u s s i o n ,  t h e  t r i j u n c t i o n  
is  cons ide red  t o  be i s o l a t e d  from e x t e r n a l  i n f l u e n c e s .  The 
system p r o p e r t i e s  are a s s u m ~ d  t o  be i s o t r o p i c  as w e l l  and,  
i n i t i a l l y ,  t h e  system is  assumed t o  b e  i so the rma l ;  t h e  e f f e c t  
of  a  tempera ture  g r a d i e n t  w i l l  be  cons ide red  subsequent ly .  
Of primary i n t e r e s t  is  t h e  behaviour  of  t h e  l o c a l  geometry o f  
t h e  i n t e r f a c e s  a t  t h e  t r i j u n c t i o n  when t h e  g r a i n s  are i n  c o n t a c t  
wi th  t h e i r  m e l t .  
Each o f  t h e  t h r e e  i n t e r f a c e s  w i l l  have an i n t e r f a c i a l  
f r e e  energy  a s s o c i a t e d  wi th  it. Every i n t e r f a c e  has  a f o r c e  
e x e r t e d  a t  each  p o i n t  i n  i t s  s u r f a c e  p r o p o r t i o n a l  t o  t h e  i n t e r -  
f a c i a l  energy.  T h i s  f o r c e  i s  s u r f a c e  t e n s i o n .  These f o r c e s  
a c t  a t  t h e  t r i j u n c t i o n  s imul t aneous ly  such t h a t  t h e  t e n s i o n s  
a r e  d i r e c t e d  outward; normal t o  t h e  l i n e  of  t r i j u n c t i o n .  
The f o r c e s  a t  t h e  t r i j u n c t i o n  are ba lanced  when 
e q u i l i b r i u m  i s  a t t a i n e d  (66, 631. The ang les  formed between 
t h e  i n t e r f a c e  p lanes  must correspond t o  t h e  magnitude o f  t h e  
fo rces .  Looking a long  t h e  l i n e  of  t h e  t r i j u n c t i o n ,  t h e s e  
i n t e r f a c e s  w i l l  form a shape similar to  a c a p i t a l  "Y". The 
t r i j u n c t i o n  t h e r e f o r e  has  symmetry about  t h e  g r a i n  boundary. 
An a l t e r n a t e  geometry which is  c o n v e ~ i i e n t  t o  use  i n  o r d e r  t o  I : I ; 
s tudy  t h e  i n t e r f a c e s  i s  desc r ibed  next .  Advantage w i l l  be 
1 .  i ,: taken of  t h e  symmetry of t h e  i n t e r f a c e s  and so t h e  view of a 
I .  s e c t i o n  normal t o  t h e  t r i j u n c t i o n  w i l l  ha s u f f i c i e n t .  
I i 
I n  o r d e r  t o  apply t h e  methods ~f i n t e r f a c i a l  f r e e  energy f 
\ 
measurements used h e r e ,  t h e  t r i j u n c t i o n s  must have tempera ture  8 .  
g r a d i e n t s  a p p l i e d  such t h a t  h c a t  f lows a long  t h e  d i r e c t i o n  of 
t h e  g r a i n  boundary. The exper imenta l ly  d e r i v e d  shape of  such 
a g r a i n  bound3ry groove i s  shown i n  Fig .  8.3. The f e a t u r e  of 
i n t e r e s t  i s  t h e  cusp or groove t h a t  i s  formed i n  t h e  s o l i d  a t  
t h e  t r i j u n c t i o n .  A s  a consequence of  t h e  i so therm o r i e n t a t i o n ,  
t h e  s o l i d - l i q u i d  i n t e r f a c e s  curve  from t h e  base  of  t h e  cusp a t  
t h e  t r i  junc t ion  and a l i g n  t h ~ ~ m s e l v e s  a long t h e  e q u i l i b r i u m  
tempera ture  i so therm f o r  t h e  zlloy, a t  T 
equ i l ib r ium.  
The r equ i red  s u r f a c e  t e n ~ i o n  balance  a t  t h e  t r i j u n c t i o n  
must s t i l l  apply and it is  assumed ( a s  o t h e r s  have) t h a t  t h i s  is 
t h e c a s e  [ 2 ,  11, 12,  14 ,  21, 37,  791. The f o r c e v e c t o r s  which 
r e p r e s e n t  t h e  i n t e r f a c i a l  f r e e  e n e r g i e s  are shown i n  Fig .  3 . 3 , ,  The 
f o r c e  v e c t o r s  a r e  t angen t  t o  t h e  i n t e r f a c e s  a t  t h e  t r i j u n c t i o n  
and i n d i c a t e  t h e  ang les  desc r ibed  e a r l i e r .  Because of  t h e  
c u r v a t u r e  of t h e  s o l i d - l i q u i d  i n t e r f a c e s ,  t h e  on ly  s i te  where 
t h e  e q u i l i b r i u m  a n g l e s  are maintained is a t  t h e  t r i j u n c t i o n .  
The i so therms are drawn i n  Fig .  8.3 f o r  a solid- 
mel t  combination i n  which both  phases have e q u a l  thermal  
c o n d u c t i v i t i e s .  C l e a r l y ,  t h e  geometry shown i n  t h e  f i g u r e  
d e s c r i b e s  a s i t u a t i o n  where t h e  t r i j - a c t i o n  tempera ture  is  
below t h e  e q u i l i b r i u m  mel t ing  temperature.  I n  o t h e r  words, 
t h e  cusp c o n t a i n s  undercooled l i q u i d ,  wi th  t h e  c o o l e s t  l i q u i d ,  
a t  t h e  t r i j u n c t i o n ,  having a temperature,  Tuqdercooled z, s 
shown i n  Fig.  8.3. 
The cusp was formed because t h e  g r a i n  boundary 
i n t e r s e c t e d  t h e  s o l i d - l i q u i d  i n t e r f a c e .  The sol id- l iqv- id  
i n t e r f a c e ,  r e g a r d l e s s  of tempera ture  g ra - i en t ,  would s t r l l  b e  
a p lane  and rest a t  'LE i f  t h e r e  were no g r a i n  boundary 
i n t e r s e c t i n g  it. The f o r c e  ba lance  df t h e  i .nterF-  ..L t e n s i o n s  
is a l s o  requ i red ,  and t h u s  some dearess ion  o f  t h e  solid-!. iguid 
i n t e r f a c e  was r e a u i r e d .  The t r a n s i t i o n  of  t h c  s o l i d - l i q u i d  
i n t e r f a c e s  from t h e  TE i so therm p lane  t o  t h e  t r i j u n c t j - o n  has  
a f u n c t i o ~ l a l  dependence on temperature.  The degree  of  cnder- 
cool ing  of t h e  l i q u i d  i n  t h e  cusp  can be d e t e r m i ~ e d  from 
knowledge of p o s i t i o n  on t h e  i n t e r f a c e  and temperature g rad len t .  
The a c t u a l  shape o f  t h e  groove formed can be c a l c u l a t 2 d .  The 
i n t e r f a c e  c u r v a t u r e  r equ i red  t o  match t h e  undercooling w i l l  
fo l low t h e  Gibbs - Thomson r e l a t i o n r  given h e r e  f o r  a two- 
dimensional c u r v a t u r e  [ 7 ,  63, 1 4 ,  101. 
Y s ~  = I n t e r f a c i a l  f r e e  energy of  s o l i d - l i q u i d  boundary 
TE = Equil ibr ium temperature f o r  i n f i n a t e  r a d i u s  o f  
c u r v a t u r e  
AHf = Enthalpy o f  f u s i o n  
r = r a d i u s  of c u r v a t u r e  
AT = undercooling 
: <  A s  a r e s u l t ,  t h e  l o c a l  r a d i u s  of  c u r v a t u r e  must go . . 
from i n f i n i t y  ( cu rva tu re  = 0)  a t  t h e  e q u i l i b r i u m  isotherm 
(TE) t o  a  minimum a t  t h e  r o o t  o f  t h e  cusp. Bo l l ing  and T i l l e r  
1 1 4 1  were t h e  f i r s t  t o  d e r i v e  t h e  e x a c t  express ion  f o r  t h e  
g r a i n  boundary groove shape i n  t w o  dimensions by s o l v i n g  t h e  
equat ions  f o r  c u r v a t u r e  and t h e  Gibbs - Thomson r e l a t i o n  
a n a l y t i c a l l y .  The assumptions they  made w e r e  t h a t  t h e  i n t e r -  
f a c i a l  e n e r g i e s  were i s o t r o p i c ,  t h e  tempera ture  g r a d i e n t  w a s  
l i n e a r ,  t h e  l i q u i d  and s o l i d  had e q u a l  thermal  c o n d u c t i v i t i e s  
and t h a t  t h e  sroove i s  i 6 o l a t e d .  The magnitude of t h e  g r a i n  
boundary energy need n o t  be  known s i n c e  t h e  e q u i l i b r i u m  
d i h e d r a l  ang le  ( a t  t h e  base  o f  t h e  groove) is assumed t o  be 
zero.  The  express ion  t h a t  they  de r ived  i s  [141: 
x = f ( y )  = coordinate of i n t e r f a c e  
where : 
K' = ySL/G ASf 
C = temperature gradient  
ASf = Entropy o f  fus ion  per u n i t  volume 
The x a x i s  lies on t h e  TE isotherm, and the  
y itxis is on the  gra in  boundary. 
This  express ion can be used to draw one s i d e  qf a 
grain boundary groove ( t h e  other  s i d e  is a mirror image about 
the  grain  boundary). 

8.1.3 Methods f o r  W a s u r i n g  Solid-Liquid I n t e r f a c i a l  Free 
Energy 
There is no d i r e c t  method f o r  the nreasurement o f  a 
so l id -mel t  i n t e r f a c i a l  Cree energy (us=). T h i s  s e c t i o n  lists 
s e v e r a l  methods t h a t  have been used f o r  i n d i r e c t  measurement 
o f  ySL. These methods are based l i t h e r  on t h e  a p p l i c a t i o n  of  
t h e  Gibbs-Thomson equa t ion  or  on c o n t a c t  ang le  measurement. 
To t h i s  day, t h e  most comprehensive source  o f  measured 
s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  e n e r g i e s  of meta ls  is from t h e  
c l a s s i c  experiment by Turnbul l  and Cech [ 8 6 ,  79,  71.  The method 
has  been a p p l i e d  to  non-metals a s  w e l l .  I n  t h e s e  exper iments ,  
homogeneous n u c l e a t i o n  tempera tures  o f  undercooled melts were 
r e l a t e d  to  t h e  s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  energy between t h e  
nucleus  and m e l t .  T h i s  method r e q u i r e s  knowledge of  t h e  s o l i d i -  
f i c a t i o n  e v e n t ,  and a measurement o f  temperature.  I n  t h i s  method, 
it is  assumed t h a t  homogeneous nuc lea t ion  is achieved.  
Another method which uses  d i r e c t  specimen thermometry 
i n  o r d e r  t o  e v a l u a t e  YSL i s  t h e  mel t ing  p o i n t  de te rmina t ion  o f  
small c r y s t a l s .  A smal l  c r y s t a l  ( b u t  s t i l l  l a r g e  enough t o  
e x h i b i t  i t s  bulk p r o p e r t i e s ) ,  wt.en hea ted ,  w i l l  m e l t  by farming 
a t h i n  s k i n  o f  l i q u i d  o v e r  i t s  s u r f a c e ,  at a tempera ture  t h a t  
depends on i t s  r a d i u s  and i n t e r f a c i a l  f r e e  energy through t h e  
Gibbs-Thomson r e l a t i o n s h i p .  
I d e a l l y ,  t h e  small c r y s t a l  should  be s p h e r i c a l  so 
t h a t  t h e  Gibbs-Thornson equa t ion  could  be a p p l i e d  d i r e c t l y .  The 
method h a s  been a p p l i e d  to c e r t a i n  pu re  metal c r y s t a l s .  A 
t r a n s m i s s i o n  e l e c t r o n  microscope was used  t o  b o t h  measure t h e  
p a r t i c l e  r a d i u s ,  and to  f o l l o w  t h e  m e l t i n g  p r o c e s s  by e l e c t r o n  
d i f f r a c t i o n  p a t t e r n  a n a l y s i s  (79 I .  Note t h a t  o b s e r v a t i o n  o f  
t h e  c r y s t a l  as w e l l  as thermometry is needed t o  per form t h e  
measurement. 
The r e l a t i o n s h i p  between d e n d r i t e  t i p  v e l o c i t y  and 
t h e  unde rcoo l ing  o f  its melt h a s  been known f o r  a l o n g  t i m e .  
There  is ,  as w e l l ,  a r e l a t i o n s h i p  between t h e  c u r v a t u r e  of  t h e  
t i p  and t h e  t i p  v e l o c i t y ,  i n v o l v i n g  t h e  so l id -me l t  i n t e r f a c i a l  
f r e e  energy .  A q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h i s  p r o c e s s  h a s  
been made e l sewhere  1791. The method r e q u i r e s  t h e  measurement 
of  t h e  v e l o c i t y  o f  an  unbranched d e n d r i t e  t i p  growing from a 
pu re  m e l t .  The m e l t  t e m p e r a t u r e  d u r i n g  d e n d r i t e  fo rma t ion  is  
a l s o  r e q u i r e d .  T h i s  i nvo lved  method h a s  been a p p l i e d  o n l y  t o  
a  few materials [79], Note t h a t  t h e  i n t e r f a c e  is moving and 
i s  n o t  an e q u i l i b r a t e d  or s t a t i o n a r y  i n t e r f a c e .  
The f o l l o w i n g  method o f  measuring t h e  i n t e r f a c i a l  free 
energy  is d i f f i c u l t  t o  implement e x p e r i m e n t a l l y .  I n  view o f  
t h e  r e l a t i v e  ease o f  e x p e r i m e n t a l  a p p l i c a t i o n  o f  t h e  o t h e r  
methods, t h i s  method may n o t  b e  s u i t a b l e  f o r  any o t h e r  b u t  
i d e a l  c o n d i t i o n s .  The method employs t h e  measurement o f  t h e  
shape  i n s t a b i l i t y  o f  t h e  s o l i d - l i q u i d  i n t e r f a c e  d u r i n g  
s o l i d i f i c a t i o n .  The d a t a  is ana lyzed  by employing t h e  Mul l ins -  
Sekerka  t h e o r y  o f  i n t e r f a c i a l  i n s t a b i l i t y .  I n  t h i s  method, 
t h e  v e l o c i t y  o f  a  p l a n a r  s o l i d - l i q u i d  i n t e r f a c e  is i n c r e a s e d  
u n t i l  t h e  i n t e r f a c e  becomes morpho log ica l ly  u n s t a b l e .  The 
i n t e r f a c e  t a k e s  on a wavy ( p e r i o d i c )  s u r f a c e  c h a r a c t e r i s t i c  
which i n c r e a s e s  t h e  i n t e r f a c i a l  area. The r e s u l t i n g  change 
i n  t h e  sys t em ene rgy  depends on t h e  magnitude o f  t h e  i n t e r -  
f a c i a l  energy .  The method canno t ,  as y e t ,  be a p p l i e d  to  
f a c e t i n g  m a t e r i a l s  or  probably  t o  m a t e r i a l s  hav ing  a l a r g e  
s o l i d - l i q u i d  i n t e r f a c i a l  a n i s o t r o p y .  The best a p p l i c a t i o n  h a s  
been t o  t r a n s p a r e n t  m a t e r i a l s ,  and t h e  s i g n i f i c a n t  documented 
e x p e r i m e n t a l  measurement w a s  performed on t F e  ice-water 
i n t e r f a c e  (79 I .  
The p r e v i o u s  s e c t i o n  d e a l t  w i t h  t h e  fo rma t ion  o f  
a  g r a i n  boundary groove i n  a  t empera tu re  g r a d i e n t .  A measured 
v a l u e  o f  t h e  s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  ene rgy  can  be o b t a i n e d  
through g e o m e t r i c a l  a n a l y s i s  o f  such  grooves .  
A few methods o f  a n a l y z i n g  t h e s e  grooves  can  be  
employed. F i r s t ,  i t  i s  n e c e s s a r y  t o  p r e p a r e  a  photomicrograph 
o f  a  groove which may appea r  much l i k e  F ig .  8.3. Using t h e  
B o l l i n g  and T i l l e r  e q u a t i o n  i n  t h e  p r e v i o u s  s e c t i o n ,  a  series 
of  c a l c u l a t e d  c u r v e s  can be drawn, t o  t h e  same m a g n i f i c a t i o n  
a s  t h e  photomicrograph,  knowing t h e  e x p e r i m e n t a l  t empera tu re  
g r a d i e n t  and t h e  e n t r o p y  of  f u s i o n  f o r  t h e  m a t e r i a l ,  and 
u s i n g  t h e  i n t e r f a c i a l  f r e e  ene rgy  as a parameter  from one  c u r v e  
to t h e  n e x t  [ l o ] ,  An e s t i m a t e  o f  t h e  i n t e r f a c i a l  f r e e  energy  can  
then  be made by comparing t h e  c a l c u l a t e d  c u r v e s  t o  t h e  photo- 
micrograph.  T h i s  method was f i r s t  a p p l i e d  by Morris [ 4 2 ]  f o r  
a g r a i n  boundary groove i n  l e a d .  I n  t h i s  expe r imen t  a s m a l l  
q u a n t i t y  of antimony w a s  r e j e c t e d  a t  t h e  i n t e r f a c e ,  d u r i n g  
f r e e z i n g  a t  a v e r y  slow rate; t h e n  t h e  specimen was quenched 
and s e c t i o n e d .  A special e t c h a n t  b rough t  o u t  t h e  groove 
shape  by p r e f e r e n t i a l  a t t a c k  o f  t h e  s e g r e g a t e d  l a y e r  o f  antimony. 
Th i s  appea r s  t o  be t h e  o n l y  a p p l i c a t i o n  o f  any of t h e  g r a i n  
b ~ u n d a r y  groove methods t o  a me ta l  [ 4 2 ] .  
The g r a i n  boundary groove t echn ique  h a s  been a p p l i e d  
to  a  sys tem c o n t a i n i n g  s o l u t e  by J o n e s  and Chadwick 1131, who 
de te rmined  ySL f o r  ice-water i n t e r f a c e s ,  w i t h  v a r y i n g  s a l t  
c o n c e n t r a t i o n s  p r e s e n t ,  u s i n g  t h e  B o l l i n g  and T i l l e r  a n a l y s i s .  
R e s u l t s  from t h i s  work show t h a t  t h e  g r a i n  boundary groove 
t echn ique  can be a p p l i e d  to  impure m a t e r i a l s .  
Two a d d i t i o n a l  methods were r e c e n t l y  deve loped  f o r  
d e t e r m i n i n g  t h e  i n t e r f a c i a l  f r e e  ene rgy  from a n a l y s i s  o f  g r a i n  
boundary groove shapes .  The f i r s t ,  t h e  Glicksman and Nash 
a n a l y s i s ,  assumes t h a t  t h e  s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  ene rgy  i s  
i s o t r o p i c ,  a s  B o l l i n g  and T i l l e r  d i d ,  b u t  t h e  Glicksman and 
Nash a n a l y s i s  a l l o w s  f o r  t h e  d i f f e r e n c e  between s o l i d  and 
l i q u i d  the rma l  c o n d u c t i v i t i e s  and f o r  t h e  i n f l u e n c e  on groove 
shape  by t h e  p rox imi ty  o f  t h e  ne ighbour ing  g r a i n  boundary 
grooves.  T h i s  method o f  a n a l y s i s  was adopted  f o r  use  i n  t h i s  
r e p o r t .  The second method o f  a n a l y s i s  by Arbe l  and Cahn [371 
u t i l i z e s  " v e c t o r  thermodynamics" and d i f f e r s  from t h e  o t h e r s  
s i n c e  t h e  i n t e r f a c i a l  a n i s o t r o p y  is q u a n t i f i e d .  T h i s  g e n e r a l i z e d  
a n a l y s i s  would also a p p l y  t o  so l id -vapour ,  s o l i d - s o l v e n t  or 
s o l i d - s o l i d  i n t e r f a c e s  w i t h  g r a i n  boundary grooves  i n  a thermal 
or g r a v i t a t i o n a l  g r a d i e n t .  A s i m p l e  m o d i f i c a t i o n  f o r  unequal  
t he rma l  c o n d u c t i v i t i e s  is i n c l u d e d  i n  t h i s  a n a l y s i s .  
The l a s t  t h r e e  methods t o  be d e s c r i b e d  are a l l  kased 
upon c o n t a c t  a n g l e  measurement. 
I n  an  e a r l y  paper  by Glicksman and Vold, t h e  d i h e d r a l  
a n g l e  formed a t  t h e  t r i j u n c t i o n  o f  a  g r a i n  boundary groove w a s  
measured f o r  pu re  bismuth i n  a  t r a n s m i s s i o n  e l e c t r o n  microscope 
[80,  63, 791. The i n t e r f a c e  w a s  iormed i n  s i t u  by p a r t i a l l y  
m e l t i n g  a t h i n  f o i l  o f  t h e  metal w i t h  t h e  e l e c t r o n  beam, Low 
a n g l e ,  symmetr ica l  g r a i n  bounda r i e s  were s t u d i e d .  The 
m i s o r i e n t a t i o n  between t h e  g r a i n s  was measured u s i n g  d i f f r a c t i o n  
p a t t e r n s  and t h e  Read and Shockley [80] d i s l o c a t i o n  model used 
t o  de t e rmine  t h e  g r a i n  boundary energy .  The s o l i d - l i q u i d  
i n t e r f a c i a l  f r e e  ene rgy  was t h e n  d e r i v e d  from t h e  d i h e d r a l  a n g l e  
measurement. 
The d i h e d r a l  a n g l e  a t  t h e  t r i j u n c t i o n  o f  a  g r a i n  
boundary groove can  a l s o  be used t o  de t e rmine  t h e  s o l i d - l i q u i d  
i n t e r f a c i a l  f r e e  ene rgy  when t h e  g r a i n  boundary i s  a  g e n e r a l  h i g h  
a n g l e  boundary.  I n  o r d e r  to  perform t h e  c a l c u l a t i o n ,  t h e  
energy  of t h e  g r a i n  boundary must be known from a n o t h e r  method. 
The ra t io  between t h e  s o l i d - l i q u i d  and t h e  g r a i n  
boundary i n t e r f a c i a l  e n e r g i e s  a r e  sometimes measured by 
m e t a l l u r g i s t s .  An independent  measureEent of  t h e  g r a i n  boundary 
ene rgy  would then  g i v e  t h e  ySL. T h i s  ra t io  was measured u s i n g  
d i h e d r a l  a n g l e  measurements o f  t h e  j u n c t i o n  between t h e  s o l i d -  
l i q u i d  i n t 2 r f a c e  o f  a l l o y  melts and a random, high-angle g r a i n  
boundary (Miller and Chadwick [ 8 1 ] ) .  The r e l a t i v e  e n e r g i e s  
w e r e  p l o t t e d  f o r  va r ious  compositions o f  a system, and t h e  
SL d a t a  e x t r a p o l a t e d  to  t h e  pure  s o l v e n t  va lue .  The r a t i o  
( ) f o r  pure meta ls  appeared to be a c o n s t a n t  having 
YGB 
a va lue  of approximately 0.45. This  va lue  d i f f e r s  from t h a t  
p r e d i c t e d  by t h e  homogeneous n u c l e a t i o n  theory  I811. 
The s o l i d - l i q u i d  i n t e r f a c i a l  energy o f  an a l k a l i  
h a l i d e  and i t s  m e l t  has  been measured us ing  a  sessile bubble 
technique. A bubble o f  argon was p laced o n t o  t h e  ~ - ~ b m e r g e d  
s u r f a c e  o f  a  Czochra lski  c r y s t a l .  Growth o f  t h e  c r y s t a l  
continued i n  o r d e r  t o  f r e e z e  t h e  bubble i n  p lace .  The c o n t a c t  
angle  was then  measured from a  cross s e c t i o n  through t h e  bubble 
and c r y s t a l .  The ang le  t h a t  was measured r e p r e s e n t s  t h e  ang le  
formed between t h e  l i q u i d - s o l i d  s u r f a c e  and t h e  bubble- l iquid  
s u r f a c e  a t  t h e  p o i n t  o f  c o n t a c t  p r i o r  t o  f u r t h e r  f r e e z i n g .  
This  is a  form o f  w e t t i n g  ang le  measurement [82] .  
I f  t h e  sol id-vapour and l iquid-vapour i n t e r f a c i a l  
f r e e  e n e r g i e s  a r e  known o r  can be measured, one can de r ivn  t h e  
s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  energy through Young's equat ion:  
where O e  is  t h e  e q u i l i b r i u m  c o n t a c t  ang le  a t  t h e  t h r e e  phase 
junct ion ,  and t h e  remaining terms a r e  a s  de f ined  p r e v i o u s l y  
[83, 631. 
The magnitude o f  yLV f o r  =st m a t e r i a l s  is  t h e  least 
d i f f i c u l t  o f  t h e  i n t e r f a c i a l  f r e e  e n e r g i e s  t o  measure. The Ysv 
is probably t h e  most d i f f i c u l t  t o  measure. The s u r f a c e  f r e e  
e n e r g i e s  o f  non-metal i n t e r f a c e s  have been measured by o t h e r s  
i n  many f i e l d s .  The p r o p e r t i e s  o f  t h e  systems s t u d i e d  a l low 
t h e  e v a l u a t i o n  o f  t h e  v a r i o u s  i n t e r f a c i a l  f r e e  e n e r g i e s  us ing  
methods based on c a p i l l a r i t y  and  ont tact ang le  measurement. 
For example, methods f o r  t h e  measurement of  YSV of v a r i o u s  
m a t e r i a l s  have beer* developed i n  t h e  p a s t  [ 45,83,85 I and 
then t h e  va lue  combined wi th  t h e  measured va lue  of Y L V ,  f o r  
example, i n  Young's equa t ion  o t  o b t a i n  YSL. Such a method frjr  
measuring YSL is t h a t  o f  Neumann 1831. Simply, a smooth s a l i d  
s u b s t r a t e  is produced on to  which a v a r i e t y  of  l i q u i d  coinpounds 
a r e  p laced i n  c a n t a c t  i n  such a way t o  measure t h e  c o n t a c t  ang le  
of  t h e  sessile drop. S p e c i f i c a l l y ,  Young's c o ~ t a c t  ang le  is 
assumed t o  have been measur.-d (831. The l i q u i d s  a r e  s e l e c t e d  
such t h a t  ySV<yLV. A c o r r e l a t i o n  is made between t h e  measured 
ang les  and ti le known va lues  of t h e  v a r i o u s  va lues  f o r  t h e  l i q u i d s '  
LV' The d e t a i l s  of how one c a l c u l a t e s  YSV ( s u b s t r a t e )  a r e  l e f t  
t o  t h e  reader .  Neumann main ta ins  t h a t  only  one c o n t a c t  angle /  
l i q u i d  combination i s  needed t o  o b t a i n  YSV. Water and some of 
t h e  o rgan ic  m a t e r i a l s  used f o r  s o l i d i f i c a t i o n  models a r e  among 
t h e  l ist  of measured d a t a .  I n t e r e s t i n g l y ,  a l l  ySL f o r  t h e s e  
compounds have va lues  less than  1 erg/cm2. Unfor tunate ly ,  t h i s  
method f o r  measuring ySV w i l l  probably n o t  be a p p l i c a b l e  to  
meta ls  ( a u t h o r ' s  comment), 
Another technique  f o r  measuring YSL has evolved 
from such work a s  r e f e r r e d  to  above. I n  t h i u  method, by Neumann 
e t  a l . [ 8 5 ] ,  smal l  p a r t i c l e s  wi th  known s u r f a c e  f r e e  energ ieq ,  
a r e  observed e i t h e r  t o  be engulfed  o r  pushed by a s lowly  
advancing so l id -mel t  i n t e r f a c e .  A p a r t i c l e  is engulfed  i f  
it is e n e r g e t i c a l l y  favourable  t o  r e p l a c e  p a r t i c l e - m e l t  
i n t e r f a c e  by t h e  p a r t i c l e - s o l i d  i n t e r f a c e .  For a  p a r t i c l e  t o  
be engulfed ,  t h e  f r e e  energy of  adhesion,  AFa , must a l s o  
be negat ive .  AFa = Y ~ s  - Y~~ - Y s ~  
where vpS is t h e  p a r t i c l e / m a t r i x  i n t e r f a c i a l  energy 
Y~~ is  t h e  p a r t i c l e / m e l t  i n t e r f a c ~ a l  energy 
?SL is t h e  so l id -mel t  interfacial energy.  
When t h e  i n t e r f a c i a l  f r e e  e n e r g i e s  o t h e r  tha:l t h e  ySL a r e  known, 
obse rva t ions  of t h e  p a r t i c l e s  a t  s o l i d i f i c a t i o n  f r o n t s  w i l l  g i v e  
a  measure f o r  th12 so l id -mel t  i n t e r f a c i a :  f r e e  energy.  Again, 
f u l l  d e t a i l s  f ~ r  t h e  i n t e r e s t e d  read5r  a r e  found i n  [851. 
Typica l  valtres f o r  ySL f o r  t h e  m i t e r i a l s  t e s t e d  i n  t h i s  way are 
less than 0 . 0 1  erg/cm2, and c o i n c i d e  wi th  measurements ob ta ined  
us ing  o t h e r  methods w i t h i n  t h e  f i e l d  of s u r f a c e  chemistry.  
8.2 A n a l y t i c a l  Methods a n d  Materials 
8 .2 .1  O r g a n i c  Analogues  f o r  M e t a l  S o l i d i f i c a t i o n  
The u s e  o f  o r g a n i c  models  f o r  s o l i d i f i c a t i o n  h a s  
t r u l y  i n c r e a s s d  t h e  u n G 2 r s t a n d i n g  o f  t h e  f r e e z i n g  b e h a v i o u r  
o f  metals and  a l l o y s .  The u s e  o f  t r a n s p a r e n t  m a t e r i a l s  which 
f r e e z e  as m e t a l s  d o  was p i o n e e r e d  by J a c k s o n  and Hunt [ l ,  3 ,  
2 ,  4 ,  7 ,  81. T h e r e  is  a major r e a s o n  so. ..e o r g a n i c s  c a n  b e  
models  f o r  m e t a l  s o l i d i f i c a t i o n .  J a c k s o n  a t t r i b u t e s  t h i s  to  
t h e  low e n t r o p y  o f  f u s i o n  f o r  t h e s e  o r g a n i c s  [ 3 #  4 ,  1 1 .  
T h i s  is  b e l i e v e d  t o  be d u e  t o  t h e  f a c t  t h a t  t h e  m o l e c u l a r  
s h a p e s  o f  t h e s e  o r g a n i c s  are s p h e r i c a l  cr compact .  The name 
c o i n e d  by T i m e r m a n s  w a s  " g l o b u l a r  m o l e c u l e s "  [50].  
The c r y s t a l  s t r u c t u r e  i s  also m e t a l - l i k e  s i n c e  tile 
m o l e c u l a r  p a c k i n g  a r r a n g e m e n t  l e a d s  t o  a c u b i c  o r  c l o s e  
packed s t r u c t u r e  [51 ,  11, The c u b i c  s t r u c t u r e  i s  f r e q u e n t l y  
found  o n l y  i n  t h e  h i g h e s t  t e m p e r a t u r e  ( s o l i d )  p h a s e .  The l o w  
e n t r o p y  o f  f u s i o n  i s  :ompensated f o r ,  a t  l o w e r  t e m p e r a t u r e s ,  
by a s o l i d  s t a t e  p h a s e  t r a n s f o r m a t i o n  i n  which t h e  m a j o r i t y  o f  
t h e  r e m a i n i n g  e n t r o p y  i s  r e c o v e r e d .  The c u b i c  c r y s t a l  s t r u c -  
t u r e  g i v e s  t h e s e  m a t e r i a l s  a n o t h e r  metallic p r o p e r t y ,  t h a t  o f  
p l a s t i c i t y  [SO, 511. A s  a g r o u p ,  t h e s e  m a t e r i a l s  a r e  rare a n d  
u n i q u e  amoqg o r g a n i c  sol ids.  
The o r g a n i c  model materials also have o t h e r  advan- 
t ageous  c h a r a c t e r i s t i c s .  One is t h e  l o w  f l u i d  v i s c o s i t y  of 
the m e l t .  T h i s  also h e l p s  to  make s o l i d i f i c a t i o n  behav iou r  
more me ta l - l i ke .  
Transparency i s  an obvious  advantage  w h i l e  t h e  l o w  
m e l t i n g  p o i n t s  f u r t h e r  reduce  t h e  d i f f i c u l t y  i n  o b s e r v i n g  t h e  
d e s i r e d  behaviour .  
There  are t w o  d i s a d v a n t a g e s  t o  o r g a n i c  models. As 
t h e y  have no s t r u c t u r a l  u s e ,  a s  metals have ,  t h e s e  m a t e r i a l s  
are n o t  as w e l l  s t u d i e d  n o r  are t h e i r  p r o p e r t i e s  w e l l  documented. 
The second d i s a d v a n t a g e ,  w i t h  r e g a r d  t o  m e t a l l i c  models, is 
t h a t  o r g a n i c s  have much lower the rma l  c o n d u c t i v i t i e s  t h a n  
me ta l s .  For a me ta l ,  t h e  t y p i c a l  t he rma l  t o  chemica l  d i f f u -  
s i v i t y  r a t i o  i s  1000, w h i l e  for an o r g a n i c  it is o n l y  about. 
10 [ S ]  . C e r t a i n  s o l i d i f i c a t i o n  phenomena i n  m e t a l s  are 
d i r e c t l y  a t t r i b u t a b l e  t o  h i g h  h e a t  f lows  and r a p i d  f r e e z i n g  
v e l o c i t i e s .  Glicksman [5 ]  f e e l s  t h a t , b e c a u s e  o f  t h i s ,  o r g a n i c s  
shou ld  be s t u d i e d  w i t h  r e l a t i v e l y  low i n t e r f a c e  speeds .  
Jackson  and Hunt combined some o r g a n i c s  i n  an e f f o r t  
t o  s t u d y  polyphase  s o l i d i f i c a t i o n .  They found s e v e r a l  
i n t e r e s t i n g  sys tems  and observed  t h e i r  growth c h a r a c t e r i s t i c s  
[ 2 ] ,  T h e i r  o b s e r v a t i o n s  l e d  t o  t h e  c l a s s i f i c a t i o n  o f  e u t e c t i c s  
i n t o  t h r e e  c a t e g o r i e s ,  based on f r e e z i n g  morphology: 
1. The nonface t ed  - n o n f a c e t e d  t y p e ,  i n  which bo th  
phases  o f  t h e  e u t e c t i c  f r e e z e  w i t h o u t  any f a c e t i n g  s u r f a c e s .  
These g e n e r a l l y  form lamellar r t r u c t u r e s  and  Both phases  b e h a v ~  
i n  a metallic f a s h i o n .  
2. The n c n f a c e t e d  - f a c e t e d  t y p e ,  i n  wh ic t  me phase  
has  a h i g h e r  e n t r o p y  oi f u e i o n  and grows i n  a f a c e t e d  ma:ner.  
The f a c e e i n g  s h a s e  i s  b e l i e v e d  to  r e p r e s e n t  t h e  f r e e z i n g  
Sehaviour  o f  s e m i  metals l i k e  s i l i c o n  or i n t e r n l e t a l l i c  compounds. 
3. Both phases  are f a c e t e d ,  and c r y s t a l s  of e a c h  
phase grow independen t ly  i n t o  tire l i q u i d  a t  t i le  f r e e z i n g  f r o n t .  
Such sys tems  do n o t  show me ta i : i c  b e h a v i o u r ,  
-t was d u r i n g  t h i s  su rvey  o f  o r g a n i c  e u t e c t i c s  t h a t  
Jackson and Hunt came upon t h e  system used i n  t h e  p r e s e n t  s t u d y ,  
t h e  Carbon Tet rabromide  - Hexachloroethane system. I n  an 
impor t an t  pape r ,  [ 8 ]  t h i s  sys tem was used t o  i l l u s t r a t e  how a 
r e a l  l a m e l l a r  e u t e c t i c  i n t e r f a c e  a p p e a r s .  Micrographs o f  t h e  
s o l i d - l i q u i d  i n t e l ' a c e  were used t o  s u p p o r t  t h e  mathemat ica l  
a n a l y s i s  p u t  f o r t h  i n  t h e  paper t o  e x p l a i n  t h e  mechanism o f  
l a m e l l a r  and rod  e u t e c t i c  f r e e z i n g .  As a model f o r  m e t a l l i c  
e u t e c t i c  f r e e z i n g ,  t h i s  sys tem was i d e a l .  Of m a j l ~ ~  importance 
was t h e  l a r g e  l a m e l l a r  s p a c i n g  which formed i n  t h i s  system. 
There  a r e ,  to  d a t e ,  no  o t h e r  e u t e c t i c s ,  e i t h e r  o r g a n i c  or 
metallic, which have such l a r g e  l a m e l l a r  s p a c i n g s .  I n  o t h e r  
sys tems ,  an  e l e c t r o n  micrcscope  would b e  r e q u i r e d  t o  o b t a i n  
as clear a  view o f  t h e  s o l i d i f y i n g  f r o n t  as can  b e  ach ieved  
h e r e  w i t h  an o p t i c a l  microscope .  
The most f r e q u e n t l y  used method t o  o b s e r v e  t r a n s p a r e n t  
organ ic  s o l i d i f i c a t i o n  involves  t h e  p repa ra t ion  o f  a t h i n ,  
a lmost  two-dimensional cell. An i n t e r f a c e  i s  formed across 
t h e  cell by developing a con t ro l l ed  temperature  g r a d i e n t  
a long t h e  cell us ing a temperature g r a d i e n t  s tage .  Phere 
are s e v e r a l  des igns  o f  a temperature g r a d i e n t  s t a g e  [ 6 0 ,  
61, 1, 5, 9,  10, 421. I n t e r f a c e  movement may be  ob ta ined  by 
moving t h e  c e l l  r e l a t i v e  to  t h e  s t a g e ,  wi th  a v i r t u a l l y  
s t a t i o n a r y  i n t e r f a c e  r e l a t i v e  t o  t h e  microscope o p t i c s ,  o r  
t y  g r a d i e n t  f r eeze ,  w i l e r e  t h e  g rad ien t  moves, and t h e  i n t e r -  
f ace  follows.  The i n t e r f a c e  can then be viewed o p t i c a l l y ,  
i n  t r ansmi t t ed  l i g h t ,  as a nea r ly  two-dimensional f ea tu re .  
8.2.2 The Glicksman and Nash Technique f o r  Measuring 
t h e  Sol id-Liquid  I n t e r f a c i a l  F r e e  Energy From 
Grain  Boundary Grooves 
I n  s e c t i o n  8.1.3, t h e  p r i n c i p l e s  o f  a t e c h n i q u e  f o r  
t h e  d e r i v a t i o n  o f  i n t e r f a c i a l  f r e e  ene rgy  from a n a l y s i s  o f  
g r a i n  boundary grooves  w a s  o u t l i n e d .  I n  g e n e r a l ,  however, t h e  
c o n d i t i o n  o f  e q u a l  t he rma l  c o n d u c t i v i t y  of l i q u i d  and solid 
r e q u i r e d  by t h e  B o l l i n g  and T i l l e r  a n a l y s i s ,  i n  8.1.2 and 
8.1.3,  d e s c r i b e d  e a r l i e r ,  is n o t  m e t .  More r e c e n t l y ,  Glicksman 
and Nash [12]  have ex tendzd  t h e  a n a l y s i s  o f  g r a i n  boundary 
grooves t o  i n c l u d e  t h e  dependence o f  groove shape  on d i f f e r -  
ences  i n  thermal  c o n d u c t i v i t y  between s o l i d  and l i q u i d  and  
also on t h e  e f f e c t  o f  a n o t h e r ,  nearby  g r a i n  boundary. I n  
o r d e r  to  accoun t  f o r  th:-:e v a r i a b l e s ,  t h e y  used a computer 
program t o  s o l v e  t h e  new e q u a t i o n s  and boundary c o n d i t i o n s .  
They also i n t r o d u c e d  a new, simp12 scheme t o  per form t h e  
geomet r i ca l  measurements from g r a i n  boundary groove shapes  t o  
o b t a i n  ySL. Fig .  8.4 shows t h e  c o n s t r u c t i o n  used f o r  t h e  
measurements. D e t a i l e d  knowledge o f  t h e  r o o t  ~f t h e  g r a i n  
boundary cusp  i s  n o t  n e c e s s a r y ;  t h e  on ly  a d d i t i o n a l  v a r i a b l e  
r e q u i r e d  is t h e  r a t i o ,  R, o f  s o l i d  t o  l i q u i d  the rma l  conduc- 
t i v i t i e s .  I n  t h e  Glicksman and Nash method, t h e  d i s t a n c e s ,  
d ,  and A , a r e  measured (on a photograph of t h e  boundary 
groove)  and combined t o  g i v e  6 = d/X . The d e f i n i t i o n s  o f  
d and a r e  g iven  i n  F ig .  8.4. A unique v a l u e  o f  €12 ( d e f i n e d  
below) i s  then  s e l e c t e d  from t h e  computer g e n c r a t e d  c u r v e  o f  6 
vs 6: f o r  t h e  a p p r o p r i a t e  R. The term 0' is a parameter  used i n  t h e  
(A2bsf G, . (The t e rm Glicksman and Nash method, e2 = ySL 
Gsr is t h e  thermal  g r a d i e n t  i n  t h e  s o l i d . )  Three cu rves  are 
p r e s e n t e d  i n  Fig.  8.5 f o r  t h r e e  v a l u e s  o f  R: 0.5, 1.0, 2.0. 
Y s ~  is then  o b t a i n e d  from t h e  equa t ion :  ySL = B ' A S ~ G ~ A ~  . 
To d a t e ,  t h i s  t echn ique  h a s  o n l y  been a p p l i e d  t o  p u r e  
materials and, m o s t  o f t e n ,  t o  t r a n s p a r e n t  ones.  [ l l ,  12 ,  16,  
37, 791 I n  t h e  work r e p o r t e d  he re ,  t h e  t echn ique  
w a s  adopted t o  q u a n t i f y  t h e  i n t e r f a c i a l  e n e r g i e s  i n  a e u t e c t i c  
system. The a n a l y s i s  o f  t h e  e u t e c t i c  r e q u i r e s  t h e  measurement of  
f o r  b i n a r y  a l l o y s  i n  t h e  composi t ion range  of t h e  e u t e c t i c .  YSL 
Details o f  how t h e  Glicksman and Nash method w a s  used  
i n  t h i s  work, are found i n  Procedures ,  S e c t i o n  9.4.8. 
Fia. 8.4 
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8.2.3 E u t e c t i c  I n t e r f a c e  Analys is  (Shape) 
A g r e a t  d e a l  of emphasis has  been p laced  e a r l i e r  i n  
t h i s  r e p o r t  on t h e  importance of measuring s o l i d - l i q u i d  i n t e r -  
f a c i a l  e n e r g i e s  fxom g r a i n  boundary grooves. The u l t i m a t e  
purpose of  performing t h e  measurements w a s  t o  apply t h e  r e s u l t s  
q u a n t i t a t i v e l y  t o  t h e  growth o f  a  l a m e l l a r  e u t e c t i c .  I n  t h e  
p a s t ,  q u a n t i t a t i v e  measurements o f  e u t e c t i c  a l l o y s  have on ly  
been performed on s e c t i o n e d  c a s t i n g s ,  or u n d i r e c t i o n a l l y  grown 
samples. The a b i l i t y  t o  view, i n  s i t u ,  a growing e u t e c t i c  
i n t e r f a c e  ( a s  done he re )  provides  va luab le  informat ion  (both  
q u a l i t a t i v e l y  and q u a n t i t a t i v e l y )  concerning t h e  mechanism of  
t h e  e u t e c t i c  s o l i d i f i c a t i o n  p rocess .  
E f f e c t i v e l y ,  t h e  r e p r e s e n t a t i o n  t o  t h e  obse rve r  of 
the growing, l a m e l l a r  e u t e c t i c  i n t e r f a c e  genera ted  wi th  t h e  
appara tus  d e s c r i b e d  h e r e ,  has  o n l y  two dimensions. Photomicrographs 
of  t h e  i n t e r f a c e  w e r e  analyzed t o  o b t a i n  a  v a r i e t y  of  q u a n t i t i e s  
which  s e r v e  to  c h a r a c t e r i z e  t h e  i n t e r f a c e .  Graphic informat ion  
from t h e  micrographs was e n t e r e d  i n t o  a  computer through a 
d i g i t i z e r  (see S e c t i o n  9 . 4 . 9 ) .  I n  t h i s  way, shapes ,  ang les  
and spac ings  w e r e  measured and t h e  measurements f u r t h e r  processed 
t o  o b t a i n  informat ion  about  t h e  c u r v a t u r e  o f  t h e  s o l i d - l i q u i d  
i n t e r f a c e s ,  ang les  of t h e  phase boundaries  a t  t h e  t r i j u n c t i o n ,  
l a m e l l a r  spac ings ,  volume f r a c t i o n s ,  and t h e  degree  of under- 
coo l ing  p r e s e n t  d u r i n g  ' f reez ing.  
The q u a n t i t i e s  which were measured (see S e c t i o n  9 . 4 . 5 )  
are s u m a r i z e d  below: 
( a )  l a m e l l a r  spacing vs. growth rate; 
(b) volume f r a c t i o n  o f  t h e  minor phase; 
(c) volume f r a c t i o n  v s .  growth r a t e  ( f o r  one a l l o y )  ; 
(d )  s o l i d - s o l i d  i n t e r p h a s e  i n t e r f a c i a l  free energy,  
'UB' 
and t h e  to rques  found t o  a c t  on t h i s  phase 
boundary ; 
(el s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  energy o f  minor 
phase, YgL: 
( f )  s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  energy o f  major 
phase, Y , ~ '  
( g )  l o c a l  c u r v a t u r e  and undercooling everywhere on 
so l id ' l iqu id  i n t e r f a c e .  
8.2.4 L i t e r a t u r e  Value f o r  P r o p e r t i e s  o f  t h e  Compounds 
Carbon Tetrabromide and Hexachloroethane 
S e l e c t e d  p r o p e r t i e s  o f  t h e  t w o  compounds used i n  t h i s  
work are p r e s e n t e d  h e r e  i n  Tab les  8 .1  and  8.2. The d a t a  and 
s o u r c e  are g iven  t o g e t h e r .  
Tab le  8 .1  Carbon Tetrabromide (CBr4) 
Other  name: Tetrabromomethane 
Molecular  weight :  331.65 
Mel t ing  tempera ture  f o r  a form: 90.1°C 
B o i l i n g  p o i n t :  189.5OC Reference 64 
Monocl inic  to o c t a h e d r a l  t r a n s i t i o n  
tempera ture :  48.4OC 
S p e c i f i c  g r a v i t y :  3.42 
Face ce r . t r ed  c u b i c  s t r u c t u r e  @ m e l t i n g  
p o i n t  ASf /R = 0.79 Reference 1 
Dx (x-ray c a l c u l a t e d  d e n s i t y ) ,  c u b i c ,  3.345 Reference 56 
T r a n s i t i o n  t empera tu res  ( m - 01 
46.85, 46.91, 46.9, 46.0°C 
AH t 4.282 cal. 15O/g 
AH m e l t  2.85 cal. 15O/g 
Reference 53 
Vapour p r e s s u r e  298OK t o  t h e  m e l t i n g  p o i n t :  
-2650 + 8.78 mm Hg l o g  p = T 
AH m e l t  3.957 kJ/mol @1 a t m .  90°C Reference 57 
AH t 5.95 kJ/mal @1 atm. 47OC 
AH e v a p o r a t i o n  44.4 kJ/mol @1 a t m .  190°C 
AH m e l t  e363.2OK 950 cal /mol  o f  B 
Molecular  weight :  331.68 f o r  a 
ASt 4.98 cal /mol  deg  
ASm 2.60 cal/mol deg  
Reference 55 
Reference 46 
M e l t  v i s c o s i t y  =1 p o i s e  Reference 47 
Vapour p r e s s u r e  o f  c u b i c  C B r 4  
Temperature range  (47.89 - 55.76OC) : 
l o g  p = 8.567 - 2578.9 nun Hg 
m 
A + AH s u b l i m a t i o n  11,800 - 300 ca l /mol  -1 
AS sub. @ 1 a t m .  26.0 - + 0.8 cal. mol 
deg 
-1 
ASf 2.6 c a l / d e g  m o l .  
Reference  48 
Reference 49 
Reference 45 
T a b l e  8.2 Hexachloroe thane  (C2C16) 
O t h e r  name: P e r c h l o r o s t h a n e  
Molecular weigh t :  236.74 
a e n s i t y :  2.09 gm/cm3 
B o i l i n g  p o i n t  ( t r i p l e  p o i n t )  : 186.8OC 
AH sub l ime:  i 2 . 2  k cal/mol 
Dens i t y :  2.091 grn/cm3 
There  are t h r e e  c r y s t a l l i n e  isomorphs .  
Rhomohedral m e l t i n g  p o i n t  i n  a sealed 
tube .  (186.8 - 187.4OC) 
Cubic  form: a = 7.51 Angstrom 
D, = 1.856 cjm/cm 3 
or: a = 7.45 @ 80°C 
7.32 @ 100°C 
T r a n s i t i o n  t e m p e r a t u r e s :  
rhombic - t r i c l i n i c  43.6OC 
t r i c l i n i c  - c u b i c  72 OC 
m e l t i n g  p o i n t :  184.5OC 
b o i l i n g  p o i n t :  186.8OC 
d420 2.091 gm/cm3 
Re fe r ence  52 
Re fe r ence  64 
Re fe r ence  5 8  
Re fe r ence  56 
Re fe r ence  54 
AH e v a p o r a t i o n  @ b o i l i n g  p o i n t :  46.4 c a l / g  
l a t t i ce  c o n s t a n t :  7 .43 Angstroms Re fe r ence  50  
9. EXPERIMENTAL EQUIPMENT AND PROCEDURES 
9 .1  Temperature Gradient  Microscope (TGM) 
The primary exper imenta l  appara tus  t h a t  was used i n  
t h e  p r e s e n t  s tudy  w i l l  be desc r ibed  i n  t h i s  s e c t i o n .  The 
appara tus  has  been named t h e  "Temperature Gradient  Microscopen 
(TGM). Its purpose w a s  t o  permi t  t h e  formation of  s o l i d -  
l i q u i d  i n t e r f a c e s  under c l o s e l y  c o n t r o l l e d  c o n d i t i o n s  and to 
4 
f a c i l i t a t e  t h e  obse rva t ion  of  t h e i r  c h a r a c t e r i s t i c s .  The 
ins t rument  i s  i t s e l f  made up of t h r e e  p r i n c i p a l  subsystems; 
t h e  o p t i c a l ,  thermal  and mechanical subsystems. The o p t i c a l  
system c o n s i s t s  of  a microscope, l i g h t  sources  and cameras. 
The the rmal  system is t h e  tempera ture  g r a d i e n t  specimen s t a g e ,  
and t h e  mechanical system i s  t h e  motorized d r i v e  assembly 
used to push or p u l l  a cel l  f i l l e d  wi th  t h e  o r g a n i c  a l l o y .  
Temperature g r a d i e n t  s t a g e s  f o r  similar a p p l i c a t i o n s  
have been d e s c r i b e d  e lsewhere  (60, 61, 1, 5,  9 ,  10 ,  2 2 ,  421. 
Most of t h e s e  have fol lowed t h e  des ign  f i r s t  given by Jackson,  
H-mt and Brown [61]. The temperature g r a d i e n t  s t a g e  c o n s i s t e d  
of  two temperature c o n t r o l l e d  b locks  o f  meta l  (approximately 
3 x 5 x 0.5 c e n t i m e t e r s ) .  A sandwich of  a l l o y  and t h i n  g l a s s  
p l a t e s  s e a l e l  a t  t h e  edges s t r a d d l e d  t h e  gap between t h e  b locks .  
The block tempera tures  a r e  a d j u s t e d  to p o s i t i o n  t h e  i n t e r f a c e  
between t h e  blocks.  This  des ign  had p o t e n t i a l  d i f f i c u l t i e s  
which are overcome i n  t h e  fo l lowing des ign .  The major 
d e f i c i e n c y  was t h e  l o w  r e s i s t a n c e  o f  t h e  ce l l  and t empera tu re  
g r a d i e n t  s t a g e  t o  t he rma l  t r a n s i e n t s .  The d e s i g n  was n o t  
conducive t o  t h e  p r o d u c t i o n  o f  h igh  q u a l i t y  micrographs  as 
w e l l .  
Good c o n t r o l  o f  a s lowly  growing i n t e r f a c e  i n  a 
sha l low t empera tu re  g r a d i e n t  was d i f f i c u l t  because  s l i g h t  
thermal  f l u c t u a t i o n s  caused  l a r g e  i n t e r f a c e  movements. For  
example, t h e  i n t e r f a c e s  were n o t  p r o t e c t e d  from envi ronmenta l  
thermal  t r a n s i e n t s ,  o n l y  t h i n  g l a s s  p l a t e s  c o n t a i n e d  t h e  
a l l o y ,  t h u s  p l a c i n g  t h e  t h i n  o r g a n i c  l a y e r  and t h e  i n t e r f a c e  
i n  t he rma l ly  u n s t a b l e  environment .  The t empera tu re  
g r a d i e n t  was developed between m e t a l  b l o c k s  h e l d  a t  t h e  
r e q u i r e d  t empera tu re s .  Such b l o c k s  cou ld  n o t  a f f o r d  
s i g n i f i c a n t  t he rma l  mass t o  h e l p  resist the rma l  f l u c t u a t i o n s  
caused by t empera tu re  c o n t r o l l e r s  or  a tmosphe r i c  convec t ion .  
The d e s i g n  r e a d i l y  p e r m i t s  t h e  a p p l i c a t i o n  o f  s t e e p  the rma l  
g r a d i e n t s  t o  t h e  specimen. However, l o w  t he rma l  g r a d i e n t s  
were n o t  e a s i l y  o b t a i n e d ,  c e r t a i n l y  n o t  w i t h  good the rma l  
s t a b i l i t y  a s  w e l l .  
Usua l ly  s m a l l ,  slow speed  motors were used t o  push 
t h e  cells. Large a d j u s t m e n t s  o f  speed and d i r e c t i o n  r e v e r s a l s  
( f o r  m e l t i n g )  were n o t  commonly provided .  The motor w a s  
f r e q u e n t l y  mounted t o  t h e  s t a g e  and cou ld  i n t r o d u c e  v i b r a t i o n s .  
Th i s  would pose a problem d u r i n g  t h e  photography of  t h e  
i n t e r f a c e s  a t  h igh  magr . i f icat ion.  
The fol.lowing d e s i g n  criteria were a p p l i e d  t o  the 
a p p a r a t u s  c o n s t r u c t e d  f o r  t h e  p r e s e n t  s tudy:  
1. 12xcellent t he rma l  s t a b i l i t y  w a s  r e q u i r e d .  
2.  A p r e c i s e ,  c o n s t a n t  speed  w i t h  a wide r ange  
o f  ad jus tmen t  was r e q u i r e d  f o r  moving t h e  
cells.  
3. The h i g h e s t  p o s s i b l e  o p t i c a l  m a g n i f i c a t i o n s  
and r e s o l u t i o n s  were needed,  b u t  w i t h o u t  
thermal  i n t e r a c t i o n  between t h e  c o l d  o p t i c s  
and t h e  growing i n t e r f a c e .  
4. High mechanical  s t a b i l i t y  was needed t o  
minimize b l u r r  i n  t h e  micrographs.  
5. High i n t e n s i t y  i l l w ' n a t i c n  w a s  d e s i r e d ,  to  
s h o r t e n  exposu res  and t h u s  sha rpen  photo- 
g r a p h i c  images. 
6. The t empera tu re  t h a t  t h e  " l i q u i d "  end o f  t h e  
c e l l  would b e  s u b j e c t e d  t o  shou ld  be k e p t  as 
low a s  p o s s i b l e  to  minimize t h e  p o s s i b i l i t y  
of  a l l o y  d e g r a d a t i o n  and t o  p r e v e n t  l e a k a g e  
o r  e x p l o s i o n  o f  t h e  cel ls  due t o  t h e  
r e l a t i v e l y  h i g h  v o l a t i l i t y  o f  t h e  o r g a n i c  
m a t e r i a l s  used.  
7 .  Low thermal  g r a d i e n t s  were needed t o  e x a g g e r a t e  
i n t e r f a c e  phenomena, such a s  g r a i n  boundary 
groove con tou r s .  
T h e  a p p a r a t u s  shown i n  F ig .  9 . 1  s a t i s f i e s  t h e s e  
requi rements  . 
The most s i g n i f i c a n t  d e s i g n  change from [61] is  t h e  
new method of  deve lop ing  a t empera tu re  g r a d i e n t  i n  t h e  sample.  
The o r g a n i c  f i l l e d  ce l l  rests i n s i d e  a deep channel  which h a s  
t h e  t empera tu re  g r a d i e n t  developed a l o n g  i t s  l e n g t h ,  i n  t h e  
sur rounding  w a l l s  o f  t h e  channel .  The ce l l  i s  p r a c t i c a l l y  
surrounded by t h e  needed the rma l  environment .  A h i g h  thermal  
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mass p reven t s  thermal  t r a n s i e n t s  from i n f l u e n c i n g  t h e  i n t e r -  
f a c e  shape or p o s i t i o n .  
-. Maximum i n t e r f a c e  p o s i t i o n  s t a b i l i t y  would r e s u l t  by 
completely surrounding t h e  cell  by t h e  thermal  e n v i r o m n t .  
However, t h e  deep channel was made t o  permi t  i n s e r t i o n  o f  the 
sample, t o  guide t h e  cell dur ing  growth, and t o  p rcv ide  
c learance  f o r  the microscope o p t i c s .  A g l a s s  i n s e r t  was 
placed between t h e  s t a i n l e s s  steel b locks  t o  t r a n s m i t  l i g h t  
and t o  s teepen t h e  temperature g r a d i e n t  a s l i g h t  amount. (See 
Fig. 9.11 The upper and lower s u r f a c e s  o f  t h e  g l a s s  i n s e r t  
w e r e  pol i shed o p t i c a l l y  f l a t  and p a r a l l e l  t o  one another .  The 
metal blocks were machined from 310 s t a i n l e s s  steel. This  
steel a l l o y  had t h e  lowest  thermal  conduc t iv i ty  o f  any metal  
and a l a r g e  h e a t  capac i ty .  The high thermal  r e s i s t a n c e  
prevented thermal t r a n s i e n t s  from reaching t h e  i n t e r f a c e  
dur ing  growth. The copper end p l a t e s  served t o  d i s t r i b u t e  
t h e  h e a t  uniformly over  t h e  whole f a c e  of  t h e  end o f  t h e  
s t a i n l e s s  block. The h e a t e r  c o n s i s t e d  of  a w i r e  wound "pancake" 
r e s i s t a n c e  element sandwiched between t h e  copper p l a t e s .  The 
assembly was temperature c o n t r o l l e d  by a t h e r m i s t o r  and custom 
designed p ropor t iona l  c o n t r o l  c i r c u i t  (see Appendix f o r  c i r c u i t )  
t h a t  r egu la ted  temperatures t o  w i t h i n  0.1 degrees  a t  t h e  h o t  
end. The o t h e r  copper end p l a t e  is best thought  o f  a s  a 
"cooler" .  This  end p1a.l. las hollow and had tempera ture  
c o n t r o l l e d  water  passed through it. These copper assembl ies  
were f ixed  to t h e  s t a i n l e s s  blocks by s i x  threaded r c d s  a l s o  
o f  s t a i n l e s s  steel. (See F ig .  9.13 In a d d i t i o n ,  the area 
o f  c o n t a c t  (between copper  and t h e  s t a i n l e s s  steel) w a s  
f i l l e d  w i t h  l e a d - t i n  s o l d e r  t o  e n s u r e  conductance  o f  h e a t .  
The microscope used  w a s  a s t a n d a r d  m e t a l l u r g i c a l  
miscroscope.  The t u b e  and focussi: lg g e a r s  were mounted on a 
s t u r d y  steel frame (F ig .  9.1). Most o f  t h e  micrographs  
w e r e  t aken  u s i n g  a  s p e c i a l ,  l o n g  working d i s t a n c e  (1.1 c m ) ,  
h i g h  power (32x) o b j e c t i v e  ( L e i t z  UMK 5 0 )  . A 35 mm r e f l e x  
camera, or a t e l e v i s i o n  camera c o u l d  b e  a t t a c h e d  t o  t h e  
microscope by means o f  s u i t a b l e  coup l ings .  The images were 
formed by p r o j e c t i o n  from t h e  microscope e y e p i e c e ,  w i t h  no 
camera l e n s .  
A d u a l  l i g h t  s o u r c e  was c o n s t r u c t e d ,  I t  c o n s i s t e d  
o f  an e l e c t r o n i c  f l a s h  t u b e  and  r e f l e c t o r  assembly,  mounted 
above a quar tz -ha logen  l o w  v o l t a g e  i n c a n d e s c e n t  lamp. L i g h ~  
from t h e  incandescen t  s o u r c e  pas sed  th rough  a h o l e  i n  t h e  
r e f l e c t o r  o f  t h e  f l a s h  t u b e  assembly and through t h e  g l a s s  
f l a s h  t u b e s  i n t o  t h e  g l a s s  i n s e r t  o f  t h e  Temperature  G r a d i e n t  
Microscope. The f l a s h  a p p a r a t u s  was a l s o  s p e c i a l l y  c o n s t r u c t e d  
and e~ilployed t w o  f l a s h  tLbes  mounted s i d e  by s i d e  i n  o r d e r  t o  
o b t a i n  even i l l u m i n a t i o n .  The f l a s h  w a s  synchron ized  w i t h  
t h e  camera. The l i g h t  s o u r c e  \:as s i t u a t e d  d i r e c t l y  below t h e  
Temperature  G r a d i e n t  Microscope and a l i g n e d  w i t h  t h e  g l a s s  
i n s e r t  and microscope.  A l l  o f  t h e  l i g h t  was f i i t e r e d  w i t h  a 
b l u e  d i c h r o i c  f i l t e r  mounted above t h e  f l a s k  t u b e s .  The h e a t  
g e n e r a t e d  by t h e  i n c a n d e s c e n t  lamp and f l a s h  t u b e s  was 
d i s s i p a t e d  wi th  a c o n s t a n t  stream o f  p r e s s u r i z e d  air  d i r e c t e d  
over  t h e i r  s u r f a c e s .  
The Temperature Gradient  Microscope s a t  on a l a r g e  
(60 c m  x 45  an x 5 c m  t h i c k )  g r a n i t e  s l a b  which, i n  t u r n ,  lay 
on a f u l l y  i n f l a t e d  automobile t i re and r i m .  An opening w a s  
c u t  i n  t h e  wheel to accommodate t h e  l i g h t  source.  The 
s u b s t a n t i a l  weight  o f  t h e  Temperature Gradient  Microscope and 
g r a n i t e  s l a b  when combined w i t h  t h e  t i re  g i v e s  e x c e l l e n t  
pneumatic v i b r a t i o n  i s o l a t i o n .  
The last  p a r t  o f  t h e  appara tus  is  t h e  mechanical 
d r i v e  used to  move t h e  cells. A seventy-two s t e p  s t e p p i n g  
motor is t h e  h e a r t  of t h i s  assembly. Each s t e p  of t h e  
r o t a t i o n  was c o n t r o l l e d  by a v a r i a b l e  oscillator c i r c u i t .  
(See Appendix for c i r c u i t 3  The motor could  rotate clockwise 
or counterclockwise wi th  a 300:l speed range. Motor speed 
+ 
was very  c o n s t a n t  over  long p e r i o d s  o f  t ime (maximum - 0.015 
pe rcen t )  once set. Reproduc ib i l i ty  of t h e  spee6 s e t t i n g  
+ 
was l i m i t e d  by t h e  use  o f  a d i a l  (- 3 p e r c e n t  i n  t h e  s l o w  
speeds ) .  Motor r o t a t i o n  was monitored d i g i t a l l y  from t h e  
s h a f t  when p r e c i s e  speeds were needed o r  a c c u r a t e  knowledge 
of t h e  cel l 's  p o s i t i o n  w a s  needed. The l i n e a r  pushing rate 
was 15.625 mic rone te r s  p e r  r e v o l u t i o n  o f  t h e  s t e p p i n g  motor. 
A f l e x i b l e  coupl ing  t r a n s m i t t e d  t h e  s h a f t  r o t a t i o n  t o  t h e  
reduc t ion  g e a r  and threaded rod l i n e a r  t r a n s l a t o r  which 
r e s t e d  on t h e  g r a n i t e  s l a b .  T h i s  arrangement se rved  t o  
i s o l a t e  t h e  mtor v i b r a t i o n s  from t h e  Temperature Gradient  
Microscope. The moving p a r t  o f  t h e  l i n e a r  d r i v e  had attached 
to it a s t a i n l e s s  steel push rod. T h i s  r o d  pas sed  through 
t h e  h e a t e r  end  o f  t h e  Temperature  G r a d i e n t  Microscope t o  
coup le  w i t h  t h e  cell. A t  t h e  end  o f  t h e  r o d  w a s  f i x e d  a 
permanent magnet. A t  t h e  h o t  end o f  some cells, a mild 
s=eel b l a c k  was a t t a c h e d .  The rod  would t h e n  b e  a b l e  t o  
bo th  push and p u l l  t h e  cell th rough  t h i s  magnet ic  coup l ing .  
D i r e c t i o n  changes w e r e  accomplished by s w i t c h i n g  t h e  mtor 
r o t a t i o n  e l e c t r o n i c a l l y .  
With t h e  a p p a r a t u s ,  t empera tu re  g r a d i e n t s  from 
f i v e  t o  twenty e i g h t  d e g r e e s  C e l s i u s  p e r  c e n t i m e t e r  and 
growth r a t e  down to  0.13 micrometers p e r  s e c o ~ d  c o u l d  b e  
a t t a i n e d .  
9.2'Qperation of t h e  Temperature Gradient  Microscope 
To i n i t i a t e  an experiment ,  t h e  tempera ture  c o n t r o l  
systems were a c t i v a t e d ,  caus ing  t h e  d e s i r e d  tempera ture  
d i s t r i b u t i o n  to  form and reach  s t e a d y  s t a t e .  A w a i t i n g  
pe r iod  o f  over  one hour w a s  r e q u i r e d  to  achieve  s t eady  state 
due to t h e  l a r g e  thermal  mass o f  t h e  s t a i n l e s s  steel blocks.  
The selected microscope o b j e c t i v e  w a s  p o s i t i o n e d  n e a r  i t s  
working l o c a t i o n  so t h a t  it a l s o  could  come t o  thermal  
e q u i l i b r i u m  wi th  t h e  rest o f  t h e  appara tus .  Most experiments  
w e r e  performed wi th  t h e  c o l d  copper end p l a t e  a t  z e r o  to  t e n  
degrees  C e l s i u s ,  and wi th  t h e  h o t  copper end p l a t e  a t  a 
tempera ture  a s  high as b u t  u s u a l l y  less than  one hundred and 
s i x t y  degrees  Ce l s ius .  The end tempera tures  could  be  a d j u s t e d  
t o  g i v e  any d e s i r e d  tempera ture  g r a d i e n t  a c r o s s  t h e  g l a s s  
i n s e r t ,  from f i v e  to  twenty-seven degrees  C e l s i u s  p e r  c e n t i -  
meter. 
A cel l ,  made a s  desc r ibed  i n  s e c t i o n  9.3, was then 
p laced i n  t h e  Temperature Gradient  Microscope channel ,  and 
t h e  push rod connected t o  t h e  cel l  u s i n g  t h e  magnetic  
coupling.  Through t h e  microscope, t h e  e q u i l i b r a t i n g  i n t e r f a c e  
was observed,  us ing  t h e  incandescent  l i g h t  source .  Draught 
s h i e l d s  were u s u a l l y  l a i d  a c r o s s  t h e  t o p  o f  t h e  channel  t o  
e x  lude  a i r  c u r r e n t s .  I t  was found t h a t  t h e  i n t ~ r f a c e  usua l l**  
r eached  a n  e q u i l i b r i u m  p o s i t i o n  and remained s t a t i o n a r y  w i t h i n  
f i v e  minutes  o f  p l a c i n g  t h e  cel l  i n  t h e  Temperature  G r a d i e n t  
Micros cope. 
A s u i t a b l e  motor speed  and d i r e c t i o n  were t h e n  chosen 
and t h e  power a p p l i e d  to  move t h e  cell. The r e l a t i o n s h i p  
between motor RPM and cel l  v e l o c i t y  i s  g iven  a s  a n  e q u a t i o n  i n  
t h e  Appendix. Obse rva t ions  o f  t h e  i n t e r f a c e  c o u l d  be made 
v i s u a l l y  via t h e  microscope e y e p i e c e  or through t h e  r e f l e x  
camera, or  on a t e l e v i s i o n  monitor .  The f l a s h ,  synchron ized  
with the  camera,  w a s  used when an exposu re  w a s  made. X t  w a s  
neces sa ry  t o  move t h e  microscope assembly i n  o r d e r  t o  s c a n  t h e  
morphology of t h e  i n t e r f t : e  < c r o s s  t h e  w id th  o f  t h e  cell .  
A s t a t i o n a r y  e u t e c t i c  i n t e r f a c e  cou ld  b e  o b t a i n e d  
w i t h  t h i s  a p p a r a t u s  u s i n g  t h e  CBr4 - C2C16 o r g a n i c  system.  
T h i s  w a s  accomplished by f i r s t  e s t a b l i s h i n g  e u t e c t i c  growth 
w i t h  a p l a n a r  i n t e r f a c e  a t  a  v e l o c i t y  from two t o  e i g h t  micro- 
meters p e r  second.  Then, o v e r  a p e r i o d  o f  f i f t e e n  t o  t h i r t y  
minu te s ,  t h e  growth ra'e was g r a d u a l l y  reduced by hand to  a 
speed  of one o r  two micrometers  p e r  second.  Sample motion was 
then  s topped and ,  t o  e n s u r e  t h a t  t h e  i n t e r f a c e  was a t  z e r o  
v e l o c i t y ,  a w a i t i n g  p e r i o d  o f  up t o  t e n  minutes  w a s  a l lowed.  
Under c e r t a i n  c i r c u m s t a n c e s ,  such i n t e r f a c e s  c o u i d  b e  ma in t a ined  
f o r  up t o  twenty minutes .  
The o p t i c s  f o r  photomicrography were s t a n d a r d i z e d  
and t h e  r e s u l t i n g  m a g n i f i c a t i o n s  o n t o  t h e  camera f i l r n  p l a n e  
were measured with a stage micrometer, giving the'results sh0wr1 
in Table 9.1. 
Magnification on 35 m Film 
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Tabke 9.1 
5x UMR50 objective 41.03~ 
8P eyepiece tI I 85.1~ 
10P eyepiece Dl a 107.2% 
All magnifications have 20.2 percent accuracy. 
The negatives could be enlarged ten to fifteen times or 
projected onto the digitizing tablet at twenty times. The tele- 
vision camera/monitor combination was also calibrat2d. The Sony 
2C-inch monitor, wlih the UMIC50 objective and 8P eyepiece 
yielded a magnification of 984 times on the screen. 
Photographs were taken using a special, high contrast, 
high resolution, medium speed black a d  white 35 mm film. The 
best film was found to be SO-115 and an alternate choice was 
High Contrast Copy Film, both manufactured by Eastman Kodak Co. 
The film was handled in the manner recommended by the manufac- 
turer. When photographs of the interface were taken, a record 
of the motor RPM, selection of objective, eyepiece, filter, 
lighting, time of day and film frame number was made to accompany 
the photographic record. 
Reliability of the Temperature Gradient Microscope 
short-term thermal stability was verified by using a dummy cell 
with a thermocouple embedaed in epoxy. This cell was used to 
measure the magnitude and linearity of the temperature gradient 
by slowly pushing the cell along the surface of the glass ir.sert 
of  the Temperacure G r a d i e n t  Microscope so t h a t  t h e  thermocouple  
bead t r a v e r s e d  t h e  i n s e r t  t o  measure  i ts t empera tu re .  T h i s  
procedure  was r e p e a t e d  a t  wide ly  d i f f e r e n t  speeds  (1, 10 ,  100 
motor RPM). Over t h e  speed  r ange  used  i n  t h e  ~ o l i d i f i c a t i o n  
s t u d i e s ,  ie., 0.13 t o  20 micrometers p e r  second ,  t h e r e  was no  
measurable  t he rma l  l a g  between t h e  thermocouple  and t h e  a p p a r a t u s .  
Only a t  t h e  h i g h e s t  v e l o c i t i e s  d i d  t h e  measured g r a d i e n t  d i f f e r  
from t h a t  t aken  a t  a ve ry  s low scan .  T h i s  v e r i f i e s  t h a t  t h e  
i n t e r f a c e  t empera tu re  f o l l o w s  t h e  local a p p a r a t u s  t empera tu re  
o v e r  t h e  l a r g e  growth r a t e  r ange  ( u s u a l l y  0.13 t o  10 micro-  
meters p e r  s econd) .  The the rma l  l a g  observed  a t  h igh  ce l l  
v e l o c i t i e s  w a s  p robably  caused  by t h e  l o w  t he rma l  c o n d u c t i v i t y  
o f  t h e  t h i c k  bot tom o f  t h e  cell .  
The thermocouple /char t  r e c o r d e r  combinat ion w a s  n o t  
adequa te ly  s e n s i t i v e  t o  test t h e  long-term s t a b i l i t y  o f  t h e  
t empera tu re  p r o f i l e  on t h e  g l a s s  i n s e r t .  However, i t  is  
e s t i m a t e d  tha t .  t empera tu re  f l u c t u a t i o n s  were less t h a n  0.01 
d e g r e e s  C e l s i u s  o v e r  a ten-minute  p e r i o d ,  a t  any g iven  
l o c a t i o n ,  based on t h e  behaviour  o f  s o l i d - l i q u i d  i n t e r f a c e s  
h e l d  a t  z e r o  v e l o c i t y .  
9.3 Organic Alloy C e l l  Designs 
9.3.1 The Bas ic  C e l l  
The b a s i c  cell used i n  t h i s  work is  shown i n  Fig.  9.2. 
I t  c o n s i s t s  o f  a s t a n d a r d  microscope s l i d e  t o  which i s  g lued  
a coverg lass ,  forming a t h i n  c a v i t y  to  c o n t a i n  t h e  o r g a n i c  
material under study. C e l l s  produced i n  t h i s  way v a r i e d  i n  
t h i c k n e s s  from t h i r t y  to  one hundred a n d . f i f t y  micrometers.  
The g l u e  used w a s  an epoxy type .  Both an opaque, i n d u s t r i a l  
epoxy w i t h  minera l  f i l l e r ,  and t h e  c l e a r  "Mastercraf t"  brand 
five-minute epoxy were found s a t i s f a c t o j .  C e r t a i n  o t h e r  
epoxy g l u e s  w e r e  n o t  s a t i s f a c t o r y .  
C e l l s  were f i l l e d  wi th  t h e  o r g a n i c  m a t e r i a l  i n  e i t h e r  
of t w o  ways: 
1. Small p i e c e s  o f  o r g a n i c  a l l o y  were placed on a 
microscope s l i d e  and covered by a coverg lass .  Gent le  h e a t i n g  
' melted t h e  o r g a n i c  m a t e r i a l  s o  t h a t  it spread under t h e  cover- 
', 
g l a s s ,  producing an even,  t h i n ,  void-f ree  l a y e r .  A f t e r  c o o l i n g ,  
t h e  cell edges  were s e a l e d  on a l l  f o u r  s i d e s  w i t h  epoxy. 
2. A c o v e r g l a s s  was preglued a long t h r e e  edges  o n t o  
a microscope s l i d e ,  l e a v i n g  one long  s i d e  open. (The g l u e  
a c t e d  as a s e p a r a t o r  between t h e  g l a s s e s .  ) The empty cel l  w a s  
then  f i l l e d  by immersion i n t o  t h e  melted a l l o y  h e l d  a t  one 
hundred degrees  C e l s i u s  i n  a c o n t a i n e r ,  immersed i n  a w a t e r  
bath.  The o r g a n i c  f i l l e d  t h e  cell  by c a p i l l a r i t y .  The cell 
was s e a l e d  a f t e r  t h e  f o u r t h  edge was cleaned.  I f  t h e  space  
between t h e  g l a s s  s l i d e s  was t o o  l a r g e ,  t h e  melt was n o t  
r e t a i n e d  when t h e  cell would be removed from t h e  immersion 
appara tus .  This  r e s u l t e d  i n  a l i m i t a t i o n  on t h e  cell 
t h i c k n e s s  t h a t  could be f i l l e d  us ing  t h i s  method. 
F i n a l  s t e p s  o f  cell  p r e p a r a t i o n  c o n s i s t e d  o f  
cementing a second coverg lass  over  t h e  f i r s t ,  l e a v i n g  an a i r  
space, and o f  t h e  at tachment  of  t h e  smal l  steel block a t  one 
end t o  form t h e  magnetic coupl ing  to  t h e  push rod of  t h e  
Temperature Gradient  Microscope. The second coverg lass  
r e s t e d  on t h e  r a i s e d  edge o f  t h e  g l u e  and a c t e d  t o  s h i e l d  t h e  
specimen from draughts  and from t h e  " h e a t  s ink ing"  e f f e c t  o f  
t h e  microscope o b j e c t i v e  . 
Fig. 9.2 
steel block 
croscope s l i d e  
1 x 3 in .  
The Basic Cell 
9.3.2 The Forced Convection C e l l  
I n  o r d e r  t o  see t h e  e f f e c t  o f  a l t e r i n g  t h e  s o l u t e  
d i s t r i b u t i o n  i n  t h e  l i q u i d  ahead o f  t h e  s o l i d  i n t e r f a c e ,  a 
series of convect ion cells w e r e  developed. Three b a s i c  types 
were u t i l i z e d :  
1. Simple Convection 
2. I so thermal  Convection 
3. Pure --.Impure Alloy Convection 
F i r s t ,  t h e  working p r i n c i p l e  o f  t h e  convect ion  c e l l  
w i l l  be desc r ibed .  I n s i d e  a b a s i c  ce l l  ( s e c t i o n  9.3.11, 
s t r a t e g i c a l l y  p laced s o l i d  b a r r i e r 3  were f i t t e d .  Outs ide  t h e  
cell ,  on t h e  coverg lass ,  a convect ion l e v e r  w a s  f a s t e n e d ,  u s i n g  
.epoxy cemei~t  a s  shown i n  Fig.  9.3. Convection was induced 
wi th in  t h e  c e l l  by f l e x i n g  t h e  c o v e r g l a s s  wi th  . t h e . a t t a c h e d  
l e v e r .  . This '  f o r c e s  t h e  melt under t h e  coverg lass  t o  f low 
. . 
arbund' t h e  barriers i n  t h e  cel l .  The cells were f i l l e d  i n  - t h e  
same way as b a s i c  cells, by submersion. The t h i r d  s i d e  of t h e  
cel l  was n o t  s e a l e d  p r i o r  t o  f i l l i n g .  
I n  p r a c t i c e ,  t h e  c e l l  was p laced in t h e  Temperature.- 
Gradient  Microscope channel  and s t a b i l i z e d  wi th  l e a d - w e i g h t s  a t  
each end of t h e  cel l .  The s o l i d - l i q u i d  i n t e r f a c e  was grown, as 
usua l ,  i n  t h e  cel l  b u t  n o t  allowed t o  s o l i d i f y  up t o  t h e  
b a r r i e r .  Convection was i n i t i a t e d  by d i s p l a c i n g  t h e  end of t h e  
l e v e r  l a t e r a l l y  f o r  v a r i o u s  d i s t a n c e s  and a t  v a r i o u s  r a t e s .  
As shown i n  Fig.  9.3,  t h e  base of  t h e  l e v e r  p i v o t s  on t h e  
b a r r i e r  b u i l t  i n t o  t h e  ce l l ,  s o  t h a t  l e v e r  movemelrt caused 
l i q u i d  on one s i d e  o f  t h e  b a r r i e r  t o  b e  compressed,  w h i l e  t h a t  
on t h e  o t h e r  s i d e  became expanded. Thus, t h e  c o n v e c t i n g  
l i q u i d  w a s  fo rce?  to  f low around t h e  b a r r i e r  and swept  across 
t h e  s o l i d  a t  t h e  i n t e r f a c e .  I n  t h i s  way, p r e c i s e  manual c o n t r o l  
o f  t h e  r a t e  and d i r e c t i o n  o f  c o n v e c t i v e  f low was o b t a i n e d .  
Due t o  t h e  k i n e t i c  n a t u r e  o f  such  s t u d i e s ,  v i s u a l  
a n a l y s i s  w a s  performed u t i l i z i n g  v i d e o  r e c o r d i h g  equipment and 
sequenccs  of  t h e  exper iment  r e p e a t e d l y  s t u d i e d .  Q u a n t i t a t i v e  
measurements were n o t  performed. 
When t e s t e d ,  t h e  s imp le  convec t ion  ce l l  worked admirab ly ,  
b u t  i t  was e v i d e n t  t h a t  t h e  l i q u i d  b e i n g  convec ted  was h o t t e r  
t h a n  t h a t  which it r e p l a c e d .  To per form a convec t ion  exper iment  
i n  which t h e  convec ted  l i q u i d  t empera tu re  was t h e  same as t h e  
l i q u i d  be ing  r e p l a c e d ,  t h e  i s o t h e r m a l  convec t ion  ce l l  w a s  
des igned .  (See F ig .  9.3.) I n  t h i s  c e l l ,  t h e  b a r r i e r  e x t e n d s  
l a t e r a l l y  w i t h i n  t h e  ce l l  t o  run  p a r a l l e l  t o  t h e  s o l i d - l i q u i d  
i n t e r f a c e .  The f l u i d  i n  t h e  channe l  between t h e  i n t e r f a c e  and 
t h e  b a r r i e r  f lows  p a r a l l e l  t o  t h e  i s o t h e r m s  and i n  a manner known 
a s  "p lug"  f low.  The convec t ion  d i sp l acemen t  was reduced  a s  t h a t  
l i q u i d  from t h e  warmer p a r t  o f  t h e  ce l l  would n o t  e n t e r  t h e  
f i e l d  o f  view, o f t e n  l o c a t e d  i n  t h e  c e n t r e l i n e  o f  t h e  ce l l .  
The t h i r d  ce l l  d e s i g n  ( n o t  i l l u s t r a t e d )  was s i m i l a r  
to  t h e  convec t ion  c e l l s  d e s c r i b e d  above, b u t  c o n t a i n e d  two a l l o y  
compos i t ions .  The ce l l  was f i l l e d  i n  a s l i g h t l y  d i f f e r e n t  way. 
The p o r t i o n  o f  t h e  ce l l  w i t h o u t  t h e  b a r r i e r s  was submerged i n  
t h e  h i g h e r  m e l t i n g  p o i n t  a l l o y  up t o  t h e  b a r r i e r  p o s i t i o n .  The 
cel l  was withdraw&. from t h e  melt, a l lowing  t h e  a l l o y  t o  s o l i d i f y ,  
and t h e n  t h e  o t h e r  p o r t i o n  o f  t k e  cel l  was f i l l e d  by submerging 
i n t o  a m e l t  o f  lower m e l t i n g  tempera ture  a l l o y  (e.g.  an  irnpuze 
a l l o y )  up t o  t h e  s o l i d i f i e d  a l l o y  level.  The c e l l  was t h e n  
s e a l e d  and used a s  any o t h e r  convect ion  cell .  The excep t ion  i n  
t h e  o p e r a t i o n  of  t h e  cel l  was t h a t  convect ion  vdas used to  
q u i c k l y  r e p l a c e  "pure" l i q u i d  a t  t h e  so l id - l . i qu id  i n t e r f a c e  
wi th  " i m p u ~ e "  l i q u i d ,  perhaps  a t  t h e  same t empera ture .  Use o f  
a co loured  impur i ty  shokcc! t h a t  t h e r e  was no s i g n i f i c a a t  l i q u i d  
d i f f u s i o n  which would have mixed t h e  impure and pure  a l l o y s  
prematurely . 
H c t u a t i ~ g  Lever 
In te rna l  Bar r le r  
The Forced Convect ion Cell 
Fig. 9 .3  ( b )  Top View of Isothermal Conve~tior. Cell 
Actuating L e ~ z r  
The Icothermal  
Convection Cel l  
Fig. 9.3 ( c )  
9 . 3 . 3  Th$ Nucleation C e l l  
Contro l led ,  i s o l a t e d  undercooling o f  a e u t e c t i c  melL 
and t h e  obse rva t ion  of  nuc lea t iqn  was made p o s s i b l e  wi th  t h i s  
cell .  Nucleation was observed by caus ing t h e  even t  t o  occur  
i n  t h e  f i e l d  of view of t h e  microscope. This  w a s  made p o s s i b l e  
by manufacturing a s p e c i a l  cel l  wi th  t h e  eeges  of t h e  cel l  
a t  one end c o m i n ~  t o g e t h e r  to form a "V" shape ,  a s  shown i n  
Fig. 9 . 4 .  Undercuoling would be i n i t i a t e d  by mel t ing  a l l  t h e  
s o l i d  i n  t h e  c e l l  and then  slowly coo l ing  by moving t h e  cel l  
along t h e  temperature g r a d i e n t .  The end w i t h  t h e  "V" is t h e  
c o l d e s t  ? a r t  of  t h o  c e l l .  Nucleat ion should f i r s t  occur  i n  
t h e  v i c i n i t y  ok tli. .. ,ase of t h e  "V". The e v e n t  cou ld  be 
observed because t h i s  a r e a  bf t h e  c e l l  c o n ; t i t u t e s  t h e  f i e l d  
af view i n  t h e  microscope. 
Nucleation Site 
The Nucleation Cell  
9.3.4 The Double Al loy  C e l l s  
These cells were c o n s t r u c t e d  t o  pe rmi t  t h e  o b s e r v a t i o n  
o f  t h e  growth o f  an i n t e r f a c e  from pure  l i q u i d  i n t o  impure 
l i q u i d  cont inuous ly .  Growth w a s  i n i t i a t e d  by m e l t i n g  back i n t o  
t h e  r e g i ~ n  o f  t h e  cell  c o n t a i n i n g  pure  a l l o y .  U n i d i r e c t i o n a l  
growth was e s t a b l i s h e d  i n  t h e  "pure" r e g i o n  o f  t h e  cell  and 
then  ccn t inued  i n t o  t h e  "impure" a l l o y  r e g i o n  o f  t h e  cell .  The 
t r a n s i t i o n  w a s  assumed t o  be a  s h a r p  one because l i q u i d  
d i f f u s i o n  ove r  l a r g e  d i s t a n c e s  cou ld  n o t  occur  and it w a s  
assumed t h e r e  was no  convect ion  i n  t h e  l i q u i d .  Observa t ionsof  
t h e  morphological changes were made as t h e  composi t iona l  
t r a n s i t i o n  occurred .  
Bas ic  cells,  s e a l e d  on t h r e e  s i d e s  (bo th  ends and 
one edge)  w e r e  p repared .  Half  o f  t h e  ce l l  was f i l l e d  w i t h  t h e  
r o n t r o l  (pu re )  a l l o y  by submerging on ly  t h a t  p o r t i o n  o f  t h e  
cell.  The o t h e r  p o r t i o n  o f  t h e  c e l l  was f i l l e d  w i t h  t h e  second 
(less pure )  a l l o y  such t h a t  t h e  void  was f i l l e d  wi thou t  m e l t i n g  
t h e  p - e v i o u s l y  s o l i d i f i e d  p a r t  o f  t h e  specimen. Th i s  procedcre  
r e q u i r e s  t h a t  t h e  second a l l o y  have t h e  lower m e l t i n g  pcLnt 
Genera l ly ,  i f  t h e  f i r s t  a l l o y  was pure ,  t hen  t h e  second a l l o y  
was doped wi th  t h e  impur i ty  t o  lower i t s  me l t ing  p o i n t  and t o  
subsequent ly  s t u d y  t h e  e f f e c t s  of t h e  impur i ty  on t h e  growth 
morphology. 
9.3.5 The Thermocouple C e l l s  
Two cell d e s i g n s  w e r e  u sed  i n c o r p o r a t i n g  thermocouples .  
These cells are i l l u s t r a t e d  i n  F ig .  9.5. 
F i g u r e  9.5 (a) shows cells i n  which a s i n g l e  t hem-  
c o u p l e  w a s  used,  w h i l e  
Fie;are 9.5 ib) i l l u s t r a t e s  a cell i n  which a second 
j u n c t i o n  w a s  embedded i n  t h e  g l u e  used 
t o  seal t h e  cell .  
The f r e e z i n g  t e m p e r a t u r e  o f  t h e  i n t e r f a c s  c o u l d  be 
monitored w i t h  t h e  s i r l g l e  thermocouple  cell .  The doub le  thermo- 
coup le  cel l  w z s  c o n s t r u c t e d  so t h a t  o r l y  d i f f e r e n c e s  i n  t h e  
t empera tu re  between t h e  i n t e r f a c e  and t h e  s u r r o u n d i n g s  would be 
observed.  I n  t h i s  way, g r e a t e r  a m p l i f i c a t i o n  o f  t h e  s i g n a l  and 
a  s h a r p e r  r e sponse  would b e  o b t a i n e d .  
The t h e r n o c o u p l e s  used i n  t h e s e  cells w e r e  made o f  
chrome1 and a lumel  w i r e  o n l y  0.0005 i n c h  i n  d i a m e t e r  
(approximate ly  twelve mic rome te r s ) .  The the rma l  mass o f  t h e s e  
thermocouples  i s  n e a r l y  n e g l i g i b l e  and conduc t ion  o f  h e a t  a l o n g  
t h e  i e a d s  is  i n s i g n i f i c a n t .  The r e s ~ ~ n s e  t i m e  o f  t h e s e  thermo- 
c o u p l e s  is  also e x c e p t i o n a l l y  f a s t .  For  example,  f o r  w i r e  
tw ice  t h e  d i ame te r  (0 .001 i n c h  ) ,  t h e  t i m e  t o  come t o  63.2 
p e r c e n t  of f i n a l  t e m p e r a t u r e  when t a k e n  from two hundred t o  
one hundxe? d e g r e e s  C e l s i u s  i n  s t i l l  water i s  0.002 second 
( d a t a  from Omega E n g i n e e r i n g ) .  The r e c o r d e r s  used were Leeds- 
























the recorder pen would result from 0.05 degree Celsius 
changes from a single couple and 0.02 degree Celsius from 
the differential arrangement. It is understood that bettar 
amplifiers and an oscillograph instrument would allow 
maximum advantage of the thermocouples to be obtained. 
9.3.6 The Quenched Interface Technique 
A thermal transient was applied to an otherwise normally 
qrowing interface. The transient was applied to the cell by 
directing a jet of cool, compressed gas onto the exposed surface 
of the cell. This sudden cooling effectively quenches the liqiiid 
adjacent to the slowly growing ~nterfhce and causes dendritic 
breakdown. 
Quenching of the interface was possible with any of 
the cell designs used, but best results were obtained when the 
drauaht protection was removed. The gas jet was obtained from a 
conpressed gas cylinder with a lever operated valve. The most 
rapid cooling resulted from directing the gas jet onto the liquid 
just ahead of the solid. 
The strength ;.nd duration of the blast of qas could 
be regulated to influence the type of quench applied. A gentle 
puff of gas would cause the interface to jump forward and then 
melt back. A long blast of qas could temporarily solidify the 
liquid ahezd of the interface, for a second or. two. 
9 .4  Organ ic  A l loy  System A n a l y s i s  
Equipment and A p p l i c a t i o n  
9 .4 .1  P u r i f i c a t i o n  o f  Carbon Te t rabromide  
P u r i f i c a t i o n  o f  t h e  as r e c e i v e d  carbon  t e t r a b r o m i d e  
was performed by s u b l i m a t i o n .  The a p p a r a t u s  u sed  is i l l u s t r a t e d  
i n  F ig .9 .6 .  Normal d i s t i l l a t i o n  was exc luded  from c o n s i d e r a t i o n  
because  of  i n e v i t a b l e  d e g r a d a t i o n  o f  t h e  C B r 4  a t  t h e  h i g h  
t e m p e r a t u r e s  n e c e s s a r y  f o r  t h a t  p r o c e s s .  Zone r e f i n i n g  was 
a t t e m p t e d  b u t  w i t h o u t  s u c c e s s .  E i t h e r  t h e  g l a s s  t u b e s  
c n t a i n i n g  t h e  CBr4 b roke  d u r i n g  the second  p a s s ,  o r  t h e  a l l o y  
dcgraded  i n  s i t u  from t h e r m a l  e f f e c t s .  F r a c t i o n a l  c r y s t a l -  
l i z a t i o n  w a s  a l s o  t r i e d ,  b u t  d i d  n o t  produce t h e  d e s i r e d  
p u r i f i c a t i o n .  
Carbon t e t r a b r o m i d e  h a s  a h i q h  vapour  p r e s s u r e  i n  t h e  
s o l i d  s t a t e .  T h e r e f o r e ,  it was d e c i d e d  t o  t r y  t o  u s e  
s u b l i m e t i o n  as a p u r i f i c a t i o n  method, i n  o r d e r  to  avo id  s u b j e c t i n g  
r 
t h e  m a t e r i a l  t o  h i g h  t empera tu re s .  The dependence o f  vapour  
p r e s s u r e  on t e m p e r a t u r e  i s  g iven  i n  t h e  l i s t  o f  p r o p e r t i e s ,  
Tab le  8.1. C a l c u l a t i o n s  showed t h a t  a l l  o f  the CBr vapour  4 
would coridense a t  d r y  ice t s m p e r a t u r e s  a t  p r e s s u r e s  a t t a i n e d  by 
a vacuum rough ina  pump. Tne d e g r e e  o f  p u r i f i c a t i o n  a c h i e v e d  
was found t o  depend on  t h e  q u a l i t y  o f  t h e  vacuum. (The p a r t i a l  
p r e s s u r e  o f  t h e  impure C B r 4  appea red  t o  be  v e r y  much lower  

t h a n  t h a t  of p u r s r  ZBrq3 
Before  l o a d i n g  t h e  impure material i n  t h e  a p p a r a t u s ,  
a l l  s u r f a c ~ s  which c o u l d  c o n t a c t  t h e  material were c l e a n e d  
w i t h  r e a g e n t  g r a d e  ch lo ro fo rm and t h e n  r i n s e d  w i t h  a n a l y s i s  
g rade  chlorofon;; .  Con tac t  w i t h  m e t a l  w a s  minimized a s  it was 
found t h a t  metals c a t a l y s e  t3e breakdown o f  CBr4. The sys t em 
was seal t? . .  w i t h  311 p a r t s  a t  room t empera tu re .  The vacuum 
pump was t u r n e d  on ,  a minute  l a t e r  t h e  l i q u i d  n i t r o g e n  t r a p  
was a c t i v a t e d ,  and t h e n  t h e  d r y  ice p l a c e d  i n  t h e  box. The 
impure s o l i d  was h e a t e d  t o  a  c o n t r o l l e d  f i f t y  t o  s i x t y  d e g r e e s  
C e l s i u s  w i t h  a n  o i l  b a t h .  
No m o r e  t han  two- th i rds  o f  t h e  s t a r t i n g  m a t e r i a l  
was a l lowed t o  subl ime.  The r e s i d u e  was o b v i o u s l y  d a r k  brown 
and ha5  b i a c k  p a r t i c l e s  i n  it, w h i l e  t h e  condensa t e  w a s  a 
p u r e ,  t r a n s l u c e n t  w h i t e  and v e r y  c r y s t a l l i n e .  The p u r i f i e d  
m a t e r i a l  was removed from t h e  t u b e ,  and l a t e r  subl imed a second 
t i m e  t o  a c h i e v e  even g r e a t e r  p u r i f i c a t i o n .  The p u r i f i e d  
m a t e r i a l  was s t o r e d  i n  a  brown b o t t l e .  
A sample c ~ f  p u r i f i e d  m a t e r i a l ,  when made i n t o  a  ce l l ,  
would be s o l i d i f i e d  a t  a  growth r a t e  o f  7 .7  micrometers p e r  
second i n  a  t empera tu re  g r a d i e n t  of 25 d e g r e e s  C e l s i u s  p e r  
c e n t i m e t e r ,  and ma in t a in  a p l a n a r  i n t s r f a c e  ( f o r  a  few m i n u t e s ) .  
D e n d r i t i c  breakdown c o u l d  n o t  b e  induced  even  w i t h  a growth rate 
o f  40 micrometers p e r  second.  
9.4.2 Dens i ty  Measurements o f  A l l o y s  
Two water d i sp l acemen t  t e c h n i q u e s  w e r e  used t o  measure 
a l l o y  d e n s i t y :  t h e  Archimedian method and Pycnomometry. 
The Archimedian t echn ique  was implemented i n  t h e  u s u a l  
way. For  t h i s  purpose ,  s i n g l e  lumps of t h e  a l l o y s  were made by 
c a s t i n g  0 . 8  t o  31  gram specimens.  A s i n g l e  f o r t y  gauge copper  
w i r e  was c a s t  i n r o  t h e  lump and used f o r  suspens ion .  S u r f a c e  
roughness  was removed by q u i c k l y  m e l t i n g  and r e f r e e z i n g  t h e  
o u t e r  s u r f a c e .  The s i n g l e  lump o f  a l l o y ,  p repa red  as described 
above, w a s  suspended from a ba l ance  and submerged under  wat%r .  
The weight  o f  w a t e r  d i s p l a c e d  i s  t h e r z f o r e  measured. The 
s t a n d a r d  c a l c u l a t i o n s , i n c l u d i n g  w a t e r  d e n s i t y  v a r i a t i o n  w i t h  
tempera ture ,were  made t o  o b t a i n  t h e  d e n s i t y  o f  t h e  specimen. 
As u s u a l ,  bubb le s  w e r e  e l i m i n a t e d  and r e p e a t e d  immersions 
performed u n t i l  t h e  sample was w e l l  wetted. T h i s  a l l o y  sys tem 
was w e l l  s u i t e d  f o r  t h e  w a t e r  d i sp l acemen t  t echn ique  because  
t h e r e  is no s o l u b i l i t y  o f  t h e  a l l o y s  i n  t h e  w a t e r  a s  proven by 
z e r o  weight  l o s s  w h i l e  submerged a t  c o n s t a n t  t empera tu re .  
I t  was found t h a t  sample we igh t  c o n t i n u o u s l y  d e c r e a s e d  
w h i l e  t h e  specimen was i n  a i r  a t  room t empera tu re .  T h i s  sample 
l o s s  i s  t h e  r e s u l t  o f  s u b l i m a t i o n .  Once a  we igh t  loss r a t e  i n  
a i r  w a s  e s t a b l i s h e d ,  t h e  e x t r a p o l a t e d  we igh t  a t  imnlersion c o u l d  
be found. Gran immersion,  weight  loss c e a s e d ,  t h e n  c o n t i n u e d  
when t h e  sample was withdrawn. T h i s  p r o t e c t i o n  o f  t h e  sample 
by t h e  w a t e r  p e r m i t t e d  d e n s i t y  measurements t o  be nade a s  a  
f u n c t i o n  o f  t empera tu re .  The water was h e a t e d  t o  e i g h t y  degrees, 
removed from t h e  h e a t ,  and s t i r r e d  f r e q u e n t l y  d u r i n g  t h e  subse-  
q u e n t  c o a l i n g .  Tho water t empera tu re  and t h e  immersed sample 
weight  were monitored d u r i n g  c o o l i n g .  With compensation for 
w a t e r  d e n s i t y  change w i t h  t empera tu re  [ 6 4 1 ,  t h e  rate of change 
of  a l l o y  d e n s i t y  w i t h  t empera tu re  was de te rmined .  The r e s u l t  
was s u f f i c i e n t l y  s e n s i t i v e  t o  detect t h e  so l id  s ta te  phase 
t r a n s f o r m a t i o n  ( a t  f o r t y - f i v e  d e g r e e s  C e l s i u s )  f o r  t h e  s i x t e e n  
weight  p e r c e n t  Hexachloroethane a l l o y .  
A 50 m l  pycnometer was used i n  some measurements w i t h  
s i m i l a r  r e s u l t s  t o  t h e  Archimedian method. More c o n s i s t e n t  
r e s u l t s  were o b t a i n e d  by t h e  l a t t e r  method. Pycnomometry would 
be s u p e r i o r  i f  l a r g e ,  v o i d - f r e e  lumps o f  sample were n o t  
a v a i l a b l e .  ' I iny samples  gave p o o r e r  r e s u l t s ,  b u t  o n l y  because  
of t h e  r e l a t i v e  error i n t r o d u c e d  by s u b l i m a t i o n  losses. 
9 .4 .3  Preparation of Orgmic Alloys 
The specimens in this investigation were alloys of 
Carbon Tetrabromide and Hexachloroethane; most had compositions 
in the range from zera to twenty weight percent Hexachloroethane. 
The alloy componeilts comprising each batch of material were 
weighed to at least the nearest milligram, then sealed togeLher 
in a small glass bottle which was imersed in boiling water to 
melt and homogenize the alloy. The batches prepared ranged in 
weight from five to thirty grams, with twenty grams most usual. 
Aftor filling a number of cells, the remaining alloy was stored 
in the sealed glass bottle, at room temperature in a dark cabinet. 
Contact with metals and prolonged heating were avoided, since 
both were found to acceleiate decomposition of the organic 
alloys. During alloy preparation and filling of the cells, the 
alloys were molten no longer than ten to fifteen minutes. 
Selected impurities added to some samples included azotenzene, 
benzil, camphene, succinonitrile and cyclohexanol. All of the 
alloys prepared are listed in the .Appendix, as well as a 
compilation of the basic propercles of the impurities useci. 
9 . 4 . 4  Thermzl A n a l y s i s  
The the rma l  a n a l y s i s  d e s c r i b e d  i n  this s e c t i o n  was 
performed to  h e l p  o b t a i n  phase  diagram in fo rma t ion ,  .Gener- 
4. 
a t i o n  o f  c o o l i n g  c u r v e s  was a F r e l i m i n a r p  Ptep i n  t h e  thermal 
a n a l y s i s  of t h e  o r g a n i c  a l l o y s .  Me l t i nq  Ourves . .  wars.,attempteL "' 
a s  w e l l .  The s imp le  a p p a r a t u s  used t o  de t e rmine  c o o l i n g  and 
m e l t i n g  c u r v e s  f o r  t h e  o r g a n i c  a l l o y s ,  is  shown i n  F ig .  9.7. 
The thermocouple  anL o r g a n i c  a l l o y  were c o n t a i n e d  i n  
a small t u b e  ;rhich i n  t u r n  was s e a l e d  i n  a l a r g e r  tube w i t h  an 
a i r  space  between t h e  t u b e  w a l l s .  The assembly wzs immersed 
i n  an o i l  b a t h  h e a t e d  by a h o t  p l a t e  (F ig .  9.7 ), 1,:mpera- 
t u r e  was c o n t r o l l e d  manual ly .  Smooth t enpe ra tu*  e x c u r s i o n s  
r e s u l t e d  from t h e  the rma l  mass of  t h e  o i l  bath. 
T h e  thermocouple  was i c  di rect  c o n t a c t  with a small 
volume of  o r g a n i c  a l l o y .  The whole sys tem was t r a n s p a r e n t  st 
t h a t  phase changes cou ld  be observed  i n  s i t u .  
Due to  t h e  low t h e r m ~ ?  c o n d u c t i v i t y  o f  t h e  o r g a n i c  
m a t e r i a l ,  m e l t i n g  c u r v e s  were n o t  u s e f u l .  From c o o l i n g  curves. 
o n l y  l i q u i d u s  t e m p e r a t u r e s  were w e l l  d e f i n e d  and no o o l i d u s  
p o i n t s  cou ld  be found. The c o o l i n g  c u r v e s  were m a d q a t  zooling 
r a t e s  always slower t h a n  one deg ree  per minute .  Somc 0 2  t h e  
r e s u l t s  were combined w i t h  tile D i f f e r e n t i a l  Scanning  
Ca lo r ime t ry  d a t a .  
Fig. P.7 Thermal Analysis  Apparatus 
1. O i l  bath and hot  p l a t e  2 .  Thermometer 
3.  Thermocouple 4 .  Double-wall sample 
container tubes ,  with a i r  space 
9.4.5 Opera t ion  o f  t h e  D i g i t i z i n g  Tablet, Computer a n d  Plotter 
The "systemn as d e s c r i b e d  h e r e  refers to  t h e  g r a p h i c s  
and -omputation f a c i l i t y  i n  t h e  Department o f  Me ta l lu rgy  and 
Materials Sc ience .  The p a r t s  of t h e  system were o b t a i n e d  from 
Tek t ron ix ,  Canada,and c o n s i s t  of f o u r  i n t e r c o n n e c t e d  components. 
Refer  t o  Fig .  9.8. A t  t h e  c e n t r e  o f  t h e  system is t h e  
T e k t r o n i x  4051 g r a p h i c s  microcomputer. Connected to  t h e  
computer i s  t h e  4956 g r a p h i c s  tablet as w e l l  a s  t h e  4662 i n t e r -  
a c t i v e  d i g i t a l  p l o t t e r .  There  is  as w e l l  a  4531 ha rd  copy wit 
t ied  t o  t h e  4051. 
While t h e s e  t h r e e  components a r e  p a r t  o f  t h e  T e k t r o n i x  
system, t h e i r  i n d i v i d u a l  f u n c t i o n s  can  b e  summarized s e ~ a r a t e l y :  
t h e  4051 g r a p h i c s  computer w a s  used t o  a c c e p t  d i g i t i z e d  d a t a  
from t h e  t a b l e t ,  f o r  r e c o r d  keep ing ,  d a t a  m a n i p u l a t i o n  and t o  
perform polynomial  r e g r e s s i o n s  and o t h e r  c a l c u l a t i o n s ;  t h e  
g r a p h i c s  tablet  ( d i g i t i z e r j  was used e x t e n s i v e i y  t o  h e l p  per form 
t h e  v a r i o u s  two-dimensional  geomet r i c  a n a l y s e s  from photo- 
micrographs o f  t h e  i n t e r f a c e s  and o t h e r  d iagrams or  photographs  
by c o n v e r t i n g  image d a t a  t o  d i g i t a l  c o o r d i n a t e s ;  t h e  p l o t t e r  ." 
was used t o  d i s p l a y  d a t a ,  p l o t  t h e  d a t a  r e g r e s s i o n s  and draw 
diagrams.  Using s u i t a b l e  programs i n  t h e  computer ( t h e  
a l g o r i t h m s  a r e  d e s c r i b e d  e l s e w h e r e ) ,  t h e  system w a s  used to 
measure t h e  g r a i n  boundary grooves  (see s e c t i o n  9 .4 .8 ) ,  e u t e c t i c  
i n t e r f a c e  p r o f i l e s  (see s e c t i o n  9.4.9) , c a p i l l a r y  rise (see 
s e c t i o n  9.4 .7)  , a r e a s  under  t h e  D i f f e r e n t i a l  Scanning  
C a l o r i m e t r y  p l o t s  (see s e c t i o n  9 .4 .6)  t o  o b t a i n  e n t h a l p i e s  of 
f u s i o n ,  a n d  to measure  t h e  e u t e c t i c  lamellar s p a c i n g s  (section 
9.1 .9)  and  volume f r a c t i o r ~ s  ( s e c t i o n  9 . 4 . 9 ) .  
The 4051 compute r  w a s  p r o g r a m e d  t o  a c c e p t  d i g i t i z e d  
data a n d  t o  p r o c e s s  t h e  d a t a  i n  a s u i t a b l e  f a s h i o n  depending 
on t h e  measurement b e i n q  pe r fo rmed  a t  t h e  time. Both 
g r a p h i c a l  and n u m e r i c a l  d a t a  had  polynomial r e g r e s s i o n s  
pe r fo rmed  w i t h  them i n  t h e  c a m p u t r r .  The  a i g o r i t k m  f o r  t h e  
p rocr r~ lmt?  i n  ttlt? computer- f c \ ~ -  r t l q r c s s i o n s  was d e v e l o p e d  i n  
r e f e r e n c e  05. The polynomiai  rcqrcssion 1s a l i n e a r  l e a s t  
s q u a r e s  t y s e  where the c h o i c e  of order is madc by the o p e r a t o r .  
The p r i m a r y  i n p u t  d e v i c e  w a s  t h e  d i g i t i z i n g  t a b l e t .  
The o g e r a t o r  select- p o i n t s  o n  an image on t h e  t a b l e t  s u r f a c e  
and  on command, t h e s e  p o i n t s  a r e  a c c u r a t e l y  c o n v e r t e d  elec- 
t r o n i c a l l y  to X-Y c o o r d i n a t e s  which arc t r a n s m i t t e d  t o  t h e  
computer  f o r  p r o g r a m e d  m a n i p u l a t i o n .  The t a b l e t  s u r f a c e  
is f i v e  hundred by f i v e  hundred  m i l l i m e t e r s  and i , a s  a p o i n t  
r e s o l u t i o n  o f  1 .27  x l o - '  meters a n d  an  a c c u r a c y  o f  '100 x 
l o - "  meters. Usinq t h e  t a b l e t  i s  a n a l o g o u s  t o  d r a w i n g  a 
C a r t e s i a n  C o o r d i : ~ a t e  g r i d  o n t o  t h e  images a n d  r e a d i n g  t h e  
c o o r d i n a t e s  o f  t h e  p o i n t s  electronically. T h i r t y - f i v e  m i l l i -  
meter f i l m  n e g a t i v e s  (or s l i d e s )  f rom t h e  microscope c o u l d  be 
p i 0  j e c t e d  d i r e c t l y  o n t o  t h e  d l q i t l z e r  o r ,  a l t e r n a t i v e l y ,  
e n l a r g e d  o n t o  p h o t o q r a p h i c  p a p e r  and  t h e  e n l a r g e m e n t  measured.  
' i a g a i t i c a t i o n s  o f  up t o  t w e n t y - f i v e  were p o s s i b l e  w i t h  t h e  
p r o j e c t o r .  
The p l o t t e r  is a f l a t b e d  d i g i t a l  p l o t t e r  capable  o f  
a p o i n t  to  p o i n t  p l o t t i n g  r e s o l u t i o n ,  r e p r o d u c i b i l i t y  and 
accuracy s i m i l a r  t o  t h e  d i g i t i z e r .  The graphs i n  t h i s  r e p o r t  
were a l l  made ( a t  l e a s t  i n  p a r t )  on t h e  p l o t t e r .  One use  o t h e r  
than  p l o t t i n g  graphs,  however, w a s  t h e  drawing t o  s c a l e  o f  t h e  
s o l i d - l i q u i d  i n t e r f a c e  shapes.  The t h e o r e t i c a l  Jackson and 
Hunt e u t e c t i c  i n t e r f a c e s  can be drawn, as w e l l  a s  Bo l l ing  and 
T i l l e r  type  g r a i n  boundary grooves. 
Although n o t  exper imenta l  appara tus ,  t h e  system 
desc r ibed  was a va luab le  computat ional ,  g r a p h i c a l  and image 
a n a l y s i s  t o o l  which made t h i s  work f e a s i b l e .  
Fig.  9.8 1 J o y s t i c k  
1 Hard Copy Unit 
1T] P l o t t e r  
9.4.6 Differential Scanning Calorimetry 
The purpose of this section is to describe the 
operation and use of the Perkin - Elmer model DSC-2 differential 
scanning calorimeter. This device was used to obtain the trans- 
formation temperatures of melting and crystallization, and also 
to measure the enthalpy of fusion and crystallization of the 
alloys in the Carbon Tetrabromde - Hexachloroeti~ane system. 
The instrument was used in the reconmended manner as described 
in the instrument manual 1621. 
The method of scanning calorimetry is similar to the 
more cornman method of differential thermal analysis. The 
difference being the quantity being monitored is energy and not 
temperature. The difference in the amount of enexgy required to 
heat or cool the sainple (and its container) in order to keep its 
temperature identical to a reference (an empty pan or a pan 
with a neutral specimen) is continuously plotted. The amount 
of enerjy is plotted aqainst time and, concurrently, temperature 
since the sample and reference are both being heated or cooled 
at a predetermined, linear rate. The response of the sample to 
thermal change includes phase transformations, changes in heat 
capacity, and glass transitions or other reactions. Other than 
for such changes, the energy required to heat or cool the 
sample will not be registered. The resulting plot would be 
perfectly horizontal. 
The device conslsts of two thermally regulated pads 
on which the reference and the sample rest. As the temperature 
of  b o t h  specimen/pad combina t ions  is  l i n e a r l y  raised or lowered,  
t h e  d i f f e r e n c e  i n  electrical ene rgy  needed to  keep  t h e  sample a t  
t h e  t empera tu re  of t h e  r e f e r e i ~ c e  is graphed. The r e s u l t i n g  
g raph  h a s  a s  absci;.sa, t h e  programmed t empera tu re ,  as t h e  
o r d i n a t e ,  t h e  h e a t  f low rate i n  calories p e r  second. A s i m p l i -  
f i e d  g raph  is  shown i n  F ig .  9.9. 
Of ten ,  m a t e r i a l s  have a change o f  h e a t  c a p a c i t y  upon 
t r ans fo rming  from l i q u i d  t o  s o l i d  or v i c e  v e r s a .  I f  t h i s  is t h e  
c a s e ,  one needs to  per form a b a s e l i n e  c o r r e c t i o n  when making a 
measurement o f  h e a t  o f  t r a n s f o r m a t i o n .  An i n t e g r a t i o n  o f  t h e  
area under  t h e  c u r v e  y i e l d s  t h e  energy  s u p p l i e d  or removed to  
b r i n g  t h e  sample t o  t h a t  t empera tu re .  A s o l i d - l i q u i d  t r a n s -  
format ion  is p r e s e n t e d  as a  peak much l i k e  F i g .  9.9.  The area 
under  t h e  peak r e p r e s e n t s  t h e  h e a t  o f  f u s i o n .  I f  t h e  h e a t  
c a p a c i t y  of  so l id  and l i q u i d  d i f f e r s ,  t h e  b a s e l i n e  on e i t h e r  
s ide  o f  t h e  peak would n o t  be c o l i n e a r .  A b a s e l i n e  c o r r e c t i o n  
would be a p p l i e d  i n  o r d e r  t o  s e p a r a t e  t h e  h e a t  c a p a c i t y  change 
from t h e  h e a t  o f  f u s i o n .  For t h e  a l l o y s  u sed  i n  t h i s  s t u d y ,  
t h e  b a s e l i n e s  w e r e  s u f f i c i e n t l y  c o l i n e a r  t h a t  a  b a s e l i n e  cor- 
r e c t i o n  was n o t  r e q u i r e d .  
The a r e a  under  t h e  peak (F ig .  9 . 9 )  w a s  measured w i t h  
t h e  h e l p  of t h e  d i g i t i z e r .  The e n t h a l p y  c a l c u l a t i o n  i s  based  
on a r e l a t i v e  measure of  t h e  unknown peak a r e a  t o  t h e  a r e a  from 
a s t a n d a r d  peak from indium. The DSC-2 w a s  c a l i b r a t e d  u s i n g  
t h e  indium s t a n d a r d  p r i o r  t o  u s e  and  i n  o r d e r  tc o b t a i n  
f a m i l i a r i t y  w i t h  t h e  method. 
The t r a n s i t i o n  t e m p e r a t u r e s  were also o b t a i n e d  from 
t h e  p l o t s  by t h e  e x t r a p o l a t i o n  t o  t h e  b a s e l i n e  of t h e  s l o p e s  
of t h e  peaks  as shown i n  F ig .  9.9. The e x t r a p o l a t i o n  is  used  
to s e p a r a t e  t h e  t he rma l  r e s i s t a n c e  o f  t h e  a p p a r a t u s  from t h e  
r e sponse  c u r v e  of  t h e  specimen. 
A s m a l l  c h i p  o f  t h e  a l l o y  ( t y p i c a l l y  f i v e  m i l l i g r a m s  
and less t h a n  t e n  m i l l i g r a m s )  w a s  weighed, t h e n  s e a l e d  i n  t h e  
s p e c i a l  aluminum pan. An empty pan s e r v e s  a s  t h e  r e f e r e n c e .  
A c h a r t  speed ,  s c a l e  a t t e n u a t i o n ,  h e a t i n g  o r  c o o l i n g  r a t e  ar3  
s t a r t  and s t o p  t e m p e r a t u r e s  w e r e  t h e n  s e l e c t e d .  The b e s t  
combinat ion of  t h e s e  pa rame te r s  i s  found by t r i a l  and e r r o r .  
When t h e  DSC d a t a  w e r e  used f o r  t h e  phase diagram, 
t h e  m a j o r i t y  o f  t h e  p o i n t s  were from m e l t i n g  d a t a .  There  w a s  
u n c e r t a i n t y  i n  t h e  l i q u i d u s  d e t e r m i n a t i o n  on f r e e z i n g  because  
o f  t!le u n p r e d i c t a b l e  e f f e c t  o f  unde rcoo l ing .  The d a t a  from 
t h e  f i r s t  m e l t i n q  c y c l e  were t h z  most r e l i a b l e  because  t h e  
sample would r e d i s t r i b u t e  i t s e l f  w i t h i n  t h e  c o n t a i n e r .  The 
beginning  and end ing  t empera tu re  of  t h e  m e l t i n g  r e a c t i o n  were 
used for t h e  s o l i d u s  and l i q u i d u s  t empera tu re s  r e s p e c t i v e l y .  
Althouqh t h e  i n s t r u m e n t  i s  s e n s i t i v e ,  t h e  s o l v u s  t e m p e r a t u r e s  
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9 . 4 . 7  G r a i n  Boundary Groove A n a l y s i s  
B a s i c  cells were made and f i l l e d  w i t h  a l l o y s  s u i t a b l e  
f o r  s i n g l e  phase  g r a i n  boundary groove a n a l y s i s .  These cells 
were p l a c e d  i n t o  t h e  Temperature  G r a d i e n t  Microscope or  o n t o  a n  
a u x i l i a r y  a p p a r a t u s  i n  o r d e r  t o  impres s  t h e  t e m p e r a t u r e  g r a d i e n t  
o n t o  t h e  cel l .  The a u x i l i a r y  g r a d i e n t  s t a g e  was s i m i l a r  t o  t h e  
t ype  used by Jackson  and Hunt, L. Mor r i s  and R u t t e r  e t  a l .  
[61,  4 2 ,  601. There  w e r e  two t empera tu re  c o n t r o l l e d  copper  
b l o c k s  w i t h  a f i x e d  s p a c i n g  between them i n  t h i s  s t a g e  d e s i g n .  
T h i s  s t a g e  was u sed  i n  o r d e r  t o  o b t a i n  h i g h e r  t e m p e r a t u r e  
 gradient.^ and i n t e r f a c e  t e m p e r a t u r e s  t h a n  c o u l d  b e  a p p l i e d  by t h e  
Temperature  G r a d i e n t  Microscope d e s c r i b e d  i n  s e c t i o n  9.1.  These 
h i g h e r  t empera tu re  c o n d i t i o n s  were r e q u i r e d  when t r y i n g  t o  o b t a i n  
g r a i n  boundary g rooves  w i t h  h i g h  Hexachloroe tbane  c o n c e n t r a t i o n s .  
I n  a  s h o r t  t i m e ,  ( app rox ima te ly  f i f t e e n  minu te s  or 
less) a f t e r  t h e  ce l l  was p l a c e d  on t h e  g r a d i e n t  s t a g e ,  a  s t a t i o n z r h - ,  
p l a n a r  s o l i d - l i q u i d  i n t e r f a c e  was formed. During t h i s  w a i t i n g  
p e r i o d ,  t h e  t e m p e r a t u r e s  s t a b i l i z e d  and t h e  grain b o u n d a r i e s  a t  
t h e  i n t e r f a c e  mig ra t ed  and reached  t h e i r  e q u i l i b r i u m  c o n d i t i o n s .  
Grain boundariG; r e a c h  e q u i l i b r i u m  when t h e y  c e a s e  t o  m i g r a t e  
and set t le  i n t o  a  p o s i t i o n  n e a r l y  p e r p e n d i c u l a r  t o  t h e  i so the rm.  
E q u i l i b r i u m  a t  t h e  i n t e r f a c e  was c o n s i d e r e d  t o  b e  ach i eved  a t  
t h i s  t i m e .  I t  was found e x p e r i m e n t a l l y  'ha t  e q u i l i b r i u m  wa. 
a t t a i n e d  more r a p i d l y  when t h e  t e m p e r a t u r e  g r a d i e n t  w a s  more 
s t e e p .  Longer e q u i l i b r a t i o n  t i m e s  were needed a s  t h e  s o l u t e  
concen t ra t ion  inc reased  from t h a t  of a pure  component. 
S t e e p e r  g r a d i e n t s  cause  r a p i d  e q u i l i b r a t i o n  b u t  
create smal l  grooves. Larger  grooves allow b e t t e r  p r e c i s i o n  
when micrographica l ly  analyzed. O p t i c a l  photomicrographs were 
taken of t h e  grooves and t h e  Glicksman/Nash g r a i n  boundary 
groove technique  app l i ed .  
The d i g i t i z e r  and computer were us,d to perform t h e  
measurements from t h e  photomicrographs, t o  o b t a i n  t h e  Glicksman/ 
Nash parameters ,  and to  c a l c u l a t e  ySL us ing  t h e  s t o r e d  poly- 
nomials. 
The measurement sequence w a s  a s  fol lows:  (See a l s o  
Fig. 9.10) 
1. S i x  p o i n t s  on t h e  i n t e r f a c e  i so therm were d i g i t i z e d  
and a s t r a i g h t  l i n e  f i t t e d  t o  them. 
2 .  A p o i n t  a t  t h e  base of  t h e  cusp i n  l i n e  wi th  t h e  
g r a i n  boundary was d i g i t i z e d  and a pe rpend icu la r  from t h e  
i so therm was a u t o m a t i c a l l y  c a l c u l a t e d  t o  go through t h i s  p o i n t .  
7. The s o l i d - l i q u i d  i n t e r f a c e  p r o f i l e  on one s i d e  o f  
t h e  groove w a s  d i g i t i z e d  wi th  t e n  t o  f i f t e e n  p o i n t s  and a f o u r t h  
o r d e r  polynomial was f i t t e d  t o  t h e s e  d a t a .  
4. A f o r t y - f i v e  degree l i n e  t o  t h e  i so therm was 
c a l c u l a t e d  t o  r,lake t h e  measurement f o r  d. The d i s t a n c e  d was 
then c a l c u l a t e d  from t h e s e  l i n e s .  
5. The d i s t a n c e  between t h e  g r a i n  boundary be ing  
measured and t h e  neighbouring one was then d i g i t i z e d .  
6. The compos i t ion  of the a l l o y ,  t h e  g r a d i e n t  and 
t h e  m a g n i f i c a t i o n  of  t h e  micrograph were e n t e r e d  i n t o  t h e  
computer.  The f i n a l  i n t e r f a c i a l  energy  was t h e n  c a l c u l a t e d  and 
p r e s e n t e d  a l o n g  w i t h  t h e  i n c i d e n t a l  p a r a m e t e r s  c h a r a c t e r i s t i c  
o f  t h e  groove.  
7. S t e p s  t h r e e  t o  s i x  were r e p e a t e d  f o r  t h e  o t h e r  
s i d e  o f  t h e  groove.  
The q u a l i t y  o f  t h e  a n a l y s i s  w a s  checked by p l o t t i n g  
t h e  c o n s t r u c t i o n  l i n e s  and d i g i t i z e d  p o i n t s .  A check w a s  made 
i n  t h e  computer programme f o r  o v e r  o r  u n d e r s i z e  v a l u e s  o f  X 
( t h e  boundary s p a c i n g ) ,  and a warn ing  g iven  i f  t h e  v a l u e  was 
i nadequa t e .  The upper  and lower l i m i t s  found f o r  inadequacy  
x o r e  chosen a f t e r  c a r e f u l  a n a l y s i s  o f  t h e  Glicksman/Nash 
t echn ique .  The l i m i t a t i o n s  o f  t h e  method are e x p l a i n e d  l a t e r  
i? s e c t i o n s  10 .3 .1  and 1 0 . 3 . 4  and i n  t h e  Appendix. F u r t h e r  
man ipu la t i on  w a s  needed t o  c o r r e l a t e  t h e  d a t a  p r o p e r l y .  
The s e l e c t i o n  o f  a  f o u r t h  o r d e r  po lynomia l  t o  f i t  t o  
t h e  groove w a l l  is n o t  t h e  b e s t  c h o i c e .  A n o n l i n e a r  r e g r e s s i o n  
t o  t h e  d a t a  would be  s u p e r i o r .  U n f o r t u n a t e l y ,  t h e  r e q u i r e d  
coniputer program i s  o u t s i d e  t h e  means o f  t h i s  s t u d y ,  and i t s  
implementa t ion  would n o t  be  s u f f i c i e n t l y  j l ~ s t i f i e d .  

9.4.8 E u t e c t i c  I n t e r f a c e  A n a l y s i s  
From t h e  i n c e p t i o n  o f  t h i s  work, it was b e l i e v e d  t h a t  
q b a n t i t a t i v e  i n f o r m a t i o n  c o u l d  b e  o b t a i n e d  f rom t h e  e u t e c t i c  
i n t e r f a c e ,  a s  d e s c r i b e d  e a r l i e r  i n  s e c t i o n  8 . 2 . 2 .  Accord ing ly ,  
a  group o f  computer programmes were w r i t t e n  t o  use  t h e  
d i g i t i z e r  a s  t h e  i n p u t  d e v i c e  ~ n d  s y s t e n l a t i c a l l y  store t h e  
i n t e r f a c e  shape  or o t h e r  g r a s h i c  i n f o r m a t i o n  i n  t h e  computer 
memory. The b a s i c  concep t  was t o  mark o r  t r a c e  o u t  t h e  curved  
i n t e r f a c e s  and t h e n  t o  f i t  a polynomial  t o  t h e s e  p0int .s  u s i n g  
a  l e a s t  s q u a r e s  r e g r e s s i o n  p rocedure .  The s o l i d - s o l i d  i n t e r -  
phase boundary was e n t e r e d  a s  a s t r a i g h t  l i n e .  T h e r e f o r e ,  
t h r e e  po lynomia ls  were  needed f o r  e a c h  t r i j u n c t i o n .  (See F ig .  
9.1l .)  The polynomial  makes computer s t o r a g e  o f  t h e  shape  o f  
t h e  c u r v e  s imp le  and t h e  r e g r e s s i o n  mooths o u t  d i g i t i z i n q  and 
q u a n t i f i c a t i o n  errors. The curved  i n t e r f a c e s  were fouc  be 
most adequa t e ly  f i t  by a  f o u r t h  o r d e r  polynomial .  (Thirci and 
f i f t h  o r d e r  d i d  n o t  r e a s o n a b l y  f i t  a t  t h e  end p o i n t s , )  F i f t e e n  
p o i n t s  a long  t h e  curved  i n t e r f a c e s ,  spaced  by an e x p e r i e n c e d  
eye  t o  produce t h e  b e s t  f i t ,  were used .  F ive  p o i n t s  were used  
on t h e  s o l i d - s o l i d  i n t e r p h a s e  boundary.  
The c ros sove r  p o i n t  f o r  t h e  t w o  cu rved  po lynomia ls  
was found by s o l v i n g  w i t h  Newton's Method [65]. Then, t h e  
d e r i v a t i v e s  o f  t h e  c u r v e s  were t a k e n  a: t h i s  p o i n t .  I n  t h i s  
way, t h e  a n g l e s  a t  t h e  t r i j u n c t i o n  c o u l d  be measured.  These 
a r e  a n g l e s  A, B and C i n  I ' iq.  9 .11.  The l o c a l  r a d i u s  o f  
curva tu re  could be c a l c u l a t e d  and p l o t t e d  from t h e  polynomials.  
- 
The o r i g i n a l  i n t e r f a c e  could  a l s o  be r e c o n s t r u c t e d  or e n l a r g e d  
f o r  con). %r!-son t o  o t h e r s .  
Another program was w r i t t e n  t o  use t h e  digitizer t o  
measure volume f r a c t i o n  and lamellar spacings  of t h e  e u t e c t i c .  
Lamellar spacing was measured by averaging t h e  d i s t a n c e s ,  p o i n t  
ta p o i n t ,  from t h e  c e n t r e  of t h e  minor phase, t o  t h e  n e x t  
c e n t r e  of t h e  minor phase a long a l i n e  normal t o  t h e  growth 
d i r e c t i o n .  Volume f r a c t i o n  was measured s i m i l a r l y ,  excep t  t h e  
i n t e r p h a s e  boundaries  were used t o  determine t h e  average l a m e l l a r  
widths.  
Fig. 9.11 
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10. EXPERIMENTAL OBSERVATIONS AND RESULTS 
10.1 Organic Alloy System Measurements 
Three system characteristics were needed which were 
not found in the literature. These are: 
1. The phase diagram (section 10-1.1); 
2. Variation of the enthalpy of fusion with 
composition (section 10.1.2); 
3. Variation of the bulk solid density with 
composition (section 10.1.3). 
This section summarizes the non-micrographic measurements 
made on the system, including the above data. 
10.1.1 The Phase Diagram 
The phase diagram was the most important information 
required. Preliminary information, obtained from cooling curves 
as described in section 9 . 4 . 4 . ,  indicated that the phase 
diagram was that of a simple binary type. The majority of the 
approximately seventy points determined for the diagram were 
measured using the DSC-2 differential scanning calorimeter. The 
ptiasc diagram is shown in Fig. 10.1. The solid state trans- 
formations in these alloys could not be detected on the DSC-2 
calorimeter. 
The liquidus and solidus lines, as well as the cutectic 
isotherm, are least-squares polynomial regressions executed 
using the computer onto thc apprcpriate set of data points for 
each line. The solidus compositions at the eutectic temperature, 
as well as the eutectic composition and temperature themselves, 
are takt?n from the intersections of the regressed curves. The 
reqresscd curves met at the eutcctic point to within O.l°C and 
0.1 weight percent, giving the cutectic composition as 8.4 weight 
perccnt  Iiexachlorocthane and thc cutectic temperature as 83OC. 
It should be noted that the eutcctic compasition and temperature 
reported by Jackson and Hunt were 8.6 w e i a h t  percent Hexachloro- 
ethane and 8 4 ° C  respectively. The equations for the regressed 
curves are found in the Appendix. 
Fig. 10.1 
Phase Diagram 
Carbon Tetrabromide - Hexachloroethane 
0 10 20 30 40 50 60 70 80 90 100 
WEIGHT PERCENT HEXACHLOROETHANE 
Ab.1.2 Enthalpy of Fusion 
The total heat for the transformation from liquid to 
solid or solid to liquid was measured from the same DSC-2 charts 
for melting and for freezing used to obtain the phase diagram 
data (see section 9.4.6). The data are presented in Fig. 10.2. 
The curve shown is a fourth order polynomial regression of the 
data. The equation of the curve is given in the Appendix. 
There was no resolvable difference between the total 
heat from crystallization and the total heat from fusion of the 
alloys. The reportea data therefore include both values. 
From the graph, it is clear that the variation of heat 
of transformation is not a straight line between the pure 
components of the alloy. 
The tctal heat of transformation measured is given 
here for the freezing reaction of a single phase alloy in its 
component parts: 
T2 
+ XI  Cp (CBr. - solid) dT 
TI 





where: AHex is t h e  h e a t  o f  mixing o f  t h e  component 
t o  t h e  a l l o y ,  XI and X2 are t h e  molar concen t ra t ions ,  C is the P 
h e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e ,  and AH is the h e a t  of f 
fus ion  of t h e  pure  material. 
This  summation accounts  f o r  t h e  f a c t  t h a t  a l l o y s  
s o l i d i f y  over  a f r e e z i n g  range. The h e a t  o f  t r ans fo rmat ion  w a s  
i n t e g r a t e d  over  t h e  temperature range T I +  T2. The terms w i t h  
C and AHmix t o g e t h e r  c o n t r i b u t e  t o  t h e  d e v i a t i o n s  from l i n e a r i t y  P 
between t h e  pure  component h e a t s  o f  fus ion .  The obse rva t ion  
t h a t  no b a s e l i n e  c o r r e c t i o n  w a s  needed to  make t h e  h e a t  o f  
t r ans fo rmat ion  measuremnt  from t h e  DSC-2 c h a r t s  i n d i c a t e s  
t h a t  t h e  AC of t h e  a l l o y s  f o r  t h e  s o l i d - l i q u i d  t r a n s a c t i o n  is  
P 
n i l .  rrom t h i s ,  t h e  h e a t  c a p a c i t y  change f r o m  T1 to  T2 is,  as 
w e l l ,  n i l .  Note t h a t  it is s u f f i c i e n t  t o  know AC = 0, even 
P 
though t h e  va lue  f o r  C (CBrb)  o r  t h e  v a l u e  f o r  C (CzCl6) is  
P P 
not  known. The graph o f  Enthalpy of Fusion does n o t  account  
f o r  t h e  f a c t  t h a t  each a l l o y  melted or s o l i d i f i e d  over  a temper- 
a t u r e  range. A s  a consequence, t h e  AHmix components a r e  n o t  
a v a i l a b l e .  
In  e s sence ,  t h e  AHTotal above r e p r e s e n t s  t h e  d i f f e r -  
ence i n  h e a t  a molecule ach ieves  a s  it changes from a c r y s t a l  
to a l i q u i d  o r  v i c e  v e r s a ,  by c r o s s i n g  t h e  s o l i d - l i q u i d  i n t e r -  
f ace .  I t  is t h i s  q u a n t i t y  o f  h e a t  needed f o r  t h e  s o l u t i o n  o f  
t h e  Gibbs-Thomson r e l a t i o n .  The e x a c t  form f o r  t h e  h e a t  r e q u i r e d  
is AH f p 8  t h e  q u a n t i t y  o f  h e a t  r e q u i r e d  t o  s o l v e  t h e  more p r e c i s e  
binary Gibbs-Thomson r e l a t i o n  given i n  the  Appendix G.  Within 
experimental error ,  the  measured AHTotal represents  t h i s  
required heat .  
Fig. 10.2 
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10.1.3 Dens i ty  
The r e s u l t s  o f  t h e  d e n s i t y  measurements a r e  p l o t t e d  
f o r  room t e m p e r a t u r e  (23OC) i n  F i g .  10.3 .  A polynomia l  
r e g r e s s i o n  w a s  used t o  f i t  t h e  c u r v e  t o  t h e  d a t a  p o i n t s .  The 
p o i n t  f o r  pu re  Hexachloroe thane  was o b t a i n e d  f rom t h e  l i ter-  
a t u r e  (see Tab le  8 .4)  s i n c e  it was n o t  p o s s i b l e  t o  o b t a i n  a 
s u f f i c i e n t l y  l d r g e ,  v o i d - f r e e  sample o f  p u r e  Hexachloroe thane  
f o r  a c c u r a t e  d e n s i t y  measurement. 
The dependence o f  d e n s i t y  on t e m p e r a t u r e  was mcasurc.i 
f o r  a coup le  o f  a l l o y s  (one  r e p r e s e n t i n g  t h e  u phase  o f  t h e  
e u t e c t i c  ( 5  w/o Hex) ,  t h e  o t h e r  he B (16 w/o H e x . ) ) .  A l i n e a r  
dependence bo th  above and below t h e  solid s t a t e  phase  
t r a n s f o n n a t i o n  t e m p e r a t u r e  w a s  o b s e r v e d ,  and was s i m i l a r  f o r  
t h e  t w o  a l l o y s .  T h i s  phase  change o c c u r s  n e a r  45OC f o r  b o t h  
a and B phases .  The v a r i a t i o n  o f  c k n s i t y  ( p )  w i t h  t e m p e r a t u r e ,  
above t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e  i s  app rox ima te ly :  
3 P  = -1.6 x i f 3  g/cm3 p e r  d e g r e e  
-
The v a r i a t i o n  of 0 w i t h  t e m p e r a t u r e  below t h e  t r a n s -  
fo rma t ion  t e m p e r a t u r e  i s  app rox ima te ly :  
bp - -1.85 x c ~ / c m ~  p e r  d e g r e e  
- - 
;iT 
The common and l i n e a r  behav iou r  o f  t h e  two a l l o y s  
i n d i c a t e s  t h a t  a c a l c u l a t e d  d e n s l t y  o f  any a l l o y  i n  t h e  r ange  
z e r o  t o  t h i r t y  weight  p e r c e n t  Hexachloroe thane  c a n  be o b t a i n e d  
a t  t h e  m e l t i n g  p o i n t  o f  t h e  a l l o y .  T h i s  c a l c u l a t i o n  was 
performed t o  p r o v i d e  t h e  b e s t  d e n s i t y  measurement f o r  t h e  
so lut ion  of  t h e  Gibbs-Thomson re la t ion  applied a t  grain 
boundary grooves. 
Fig. 10.3 
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10.1.4 Ent ropy  o f  Fus ion  
I n  o r d e r  t o  s o l v e  t h e  Gibbs-Tholnson r e l a t i c x l ,  t h e  
r a t i o  o f   AH^ O/Teq i s  r e q u i r e d  f o r  e a c h  compos i t ion  t e s t e d .  
For  p u r e  m a t e r i a l s ,  t h i s  r a t i o  ( u s i n g  p r o p e r  u n i t s )  is t h e  
e n t r o p y  o f  f u s i o n  p e r  u n i t  volume: ASf. The v a l u e  o f  ASf o f  
pu re  C B r 4  and C 2 C l 6  a r e  t h e r e f o r e  o b t a i n e d  d i r e c t l y  from t h e  
r e s p e c t i v e  e n t h a l - p i e s  o f  f u s i o n  as measured on t h e  DSC-2. 
S i n c e  a  e u t e c t i c  r e a c t i o n ,  by d e f i n i t i o n ,  o c c u r s  a t  an  
i n v a r i a n t  p o i n t  on t h e  phase  d iagram,  t h e  d e f i n i t i o n  f o r  e n t r o p y  
of f u s i o n  was a p p l i e d  j u s t  a s  f o r  t t-e p u r e  components. 
I n  o r d e r  t o  p e r m i t  semi-au tomat ic  a n a l y s i s  o f  g r a i n  
boundary g rooves  by computer ,  t h e  t e r m s  above ,  A H f ,  P ,  and T 
e q  
were assembled a s  po lynomia ls  t o  form a s i n g l e  c u r v e  which may 
be c a l l e d  t h e  e n t r o p y  of  f u s i o n  p e r  u n i t  volume v s .  compos i t ion .  
See  F ig .  1 0 . 4 .  The v a l u e s  f o r  T are from t h e  s o l i d u s  l i n e s  CP 
e q  
t h e  phase  diagram.  The po lynomia l  terms f o r  t h e  c u r v e  a r e  g i v e n  
i n  t h e  Appendix. 
Note t h a t  t h i s  c a l c u l a t i o n  i s  n o t  thermodynamical ly  
r i g o r o u s  a s  terms l i k e  t h e  e n t r o p y  o f  mix ing ,  which i n f l u e n c e  
t h e  sys t em f r e e  e n e r g y ,  a r e  n o t  i n c l u d e d  i n  t h i s  d e r i v a t i o n  o f  
" e n t r o p y  of  f u s i o n " .  Ths s i m p l e  c a l o r i m e t r i c  measurement o f  
t h e  h e a t  o f  t h e  s o l i d - l i q u i d  t r a n s f o r m a t i o n  o f  t h e  a l l o y s  i s  a n  
e x p e r i m e n t a l  e s t i m a t e  o f  t h e  h e a t  r e q u i r e d  to  s o l v e  t h e  Gibbs- 
Thomson e q u a t i o n .  I n  t h i s  a p p l i c a t i o n ,  t h e  a l l o y  behav iou r  is  
modelled a s  i f  it  were a  p u r e ,  s i n g l e  component m a t e r i a l .  
The a ~ p l i c a t i o n  o f  t h e  Gibbs-Thomson equa t ion  g iven 
e a r l i e r  assumes t h a t  AG -- 0 f o r  t h e  e q u i l i b r a t i o n  of  a  pure  
s o l i d - l i q u i d  i n t e r f a c e .  f h e  a d d i t i o n  o f  t h e  second component 
t o  t h e  i n t e r f a c e  r e q u i r e s  t h e  chemical p o t e n t i a l  change be 
ze ro  and AG f 0 .  A s  a  r e s u l t ,  t h e  c a l c u l a t i o n s  performed 
he re  a r e  a  p r a c t i c a l  consequence of us ing  t h e  measured d a t a  
us ing  AG = 0. The r igorous  s o l u t i o n  f o r  a  b ina ry  is  given i n  
Appendix G. 

10.1.5 Derived Values  of  Data 
Measure!' d a t a  such  as t h e  phhss  diagram or d e n s i t y  
v a r i a t i o n  w i t h  compos i t ion  were s t o r e d  i n  t h e  form o f  poly-  
nomia ls  i n  t h e  computer. Combinations o f  t h e  po lynomia ls  can 
be s o l v e d  f o r  any compos i t ion .  Many q u a n t i t i e s  which are 
f r e q u e n t l y  r e q u i r e d  tor c a l c u l a t i o n s  were d e r i v e d  or i n t e r -  
p o l a t e d  from t h e  polynomials .  These q u a n t i t i e s  a r e  summarized 
i n  Table  10.1. These a r e  q u a n t i t i e s  which,  of  themselves  
cannot  be measured. For  example,  some q u a n t i t i e s  are t h e  
d e n s i t y  o f  t h e  a phase  o i  t h e  e u t e c t i c ,  t1.c s l o p e  of t h e  l i q u i d u s  
f o r  t h e  a phase o f  t h e  e u t e c t i c ,  or  t h e  Cibbs-Thomson c o e f f i c i e n t  
f o r  t h e  a phase  of  t h e  eu+ ,ec t i c .  
T a b l e  10 .1  Table o f  S e l e c t e d  Va lue s  
of System Pa,ameters 
- 
D e n s i t i e s  ( f rom f i t t e d  e q u a t i o n )  i n  g m s / c m 3  
23OC pE = 2.9809 
pa = 3..191 
pf3 = 2.7545 
C a l c u l a t e d  Volume F r a c t i o n  of Minor Phase  - 0.3253r0.003 f o r  
8.4 w/o  
- 0.3451 @83OC f o r  
8.6 w / o  
Composit ion o f  u phase  C.0508 w/f Hex. 
Composit ion o f  0 0.1618 w/f Hex. 
- 
i n  CBrk 
E q u i l i b r i u m  F l e l t i ng  Tempera tu res  (measured)  
Tm e u t e c t i c  = 83OC 
Tm CBr4 = 91.a0C 
Tm Hex. = 186.6OC 
Phase  Diagram Data 
m a  s l o p e  o f  l i q u i d u s  ( abs .  v a l . ) =  1.48168 'C/N/O n e a r  e u t e c t i c  
mB s l o p e  o f  l i q u l d u s  (abs. v a l .  ) =  2.164 OC/w/o temp. and compos. 
na  s l o p e  o f  s o l i d u s  (abs. v a l . ) =  1 .6178 OC/w/o @ e u t e c t i c  temp. 
1.5 s l o p e  o f  s o l i d u s  ( a b s .  v a l . ) =  1.7878 OC/w/o @ Ccc, CB 
kcx = na 
-
ma 
@ 100% C B r 4  = 0.3166 
O the r  Data 
'SL (a )  8 .0 t2 .0  ( m J / m 2 )  L~ 3.0 x l o 7  J / m 3  
Ys~(t3) 10 .0+2 .0  (rnJ/m2) 3.12 x 107 J / m 3  = app rox .  La l O J / g m  
'SL (CBr4) 6.1'1.25 ( d / m 2 )  L 0 2.79 x l o 7  J / m 3  
10.2 Phenomenological Microscopic Observations 
This section will deal with the observations which 
are best presented in descriptive terms. The subsections 
10.2.1, 10.2.4, 10.2.7, 10.2.9, 10.2.10 and 10.2.11 deal 
with observations of morphological features commonly found 
in the organic which formed without outside intervention. 
The other subsections report a variety of observations concerned 
largely with the response of interfaces to external stimuli 
such as convection or quenching. 
10.2.1 The V a r i e t y  o f  E u t e c t i c  I n t e r f a c e s  
During t h e  c o u r s e  o f  e x p e r i m e n t a t i o n ,  s g r e a t  nany 
photomicrographs w e r e  t a k e n  o f  s o l i d - l i q u i d  i n t e r f a c e s .  
R e p r e s e n t a t i v e  photomicrographs o f  e u t e c t i c  i n t e r f a c e s ,  most  
growing i n  a p la l ra r  f a s h i o n ,  are p r e s e n t e d  i n  t h i s  s e c t i o n  t o  
i l l u s t r a t e  t h e  v a r i e t y  o f  m o r ~ \ o l o g i e s  observed .  They s e r v e  
t o  supplement o t h e r  photographs  found i n  a p p r o p r i a t e  s e c t i o n s  
o f  the t h e s i s .  Dissimilar i t ies  i n  appearance  among e u t e c t i c  
i i ~ t e r f a c e s  may be ana lyzed  i n  t e r m s  o f  d i f f e r e n c e s  i n  c e r t a i n  
f e a t u r e s  from one i n t e r f a c e  t o  t h e  n e x t .  The m i f o r m l t y  of  
s t r u c t u r e ,  v a r i a t i o n s  o f  t r i j u n c t i o n  a n g l e s ,  local c u r v a t u r e  
on t h e  i n t e r f a c e s ,  a l i gnmen t  o f  lamellae t i p s ,  and phase 
boundary a n g l e  w i t h  r e spc t  t o  t h e  i soxherms ,  a r e  a l l  cons ide red  
impor t an t  f e a t u r e s .  
A series o f  i n t e r f a c e s  are shown i n  F ig .  10.5. The 
f i r s t  group a r e  r e p r e s e n t a t i v e  of p l a n a r ,  uniform,  e u t e c t i c  
i n t e r f a c e s  w i t h  t h e  expec ted  p e r i o d i c i t y  o f  t h e  shape  o r  form 
o f  t h e  s o l i d - l i q u i d  i n t e r f a c e  from l a m e l l a  to  l a m e l l a .  The 
s e c o r d  group a r e  u:lusual f o r  v a r i o u s  r e a s c n s .  F ig .  10.19 shows 
a  " z e r o - v e l o c i t y "  e u t e c t i c  i n t e r f a c e  and o t h e r  e u t e c t i c  i n t e r -  
f a c e s  o f  i n t e r e s t  a r e  shown i n  F i g u r e s  10.12 and 10.13. 
One impor t an t  f e a t u r e  a f  advancing e u t e c t i c  inter- 
f a c e s  i s  t h e  development o f  n e g a t i v e  c u r v a t u r e  a t  t h e  c e n t e r s  
o f  t h e  l a m e l l a e  ( n e a r  t h e  t i p ) .  T h i s  is a  c o n c a v i t y  i n  t h e  
s o l i d - l i q u i d  i n t e r f a c e .  A l a r g e r  l a m e l l a r  s p a c i n g  and h i g h e r  
growth rate i n c r e a s e  t h e  degree o f  t h i s  n e g a t i v e  c u r v a t m e .  
Only growing i n t e r f a c e s  d i sp layed  t h e  1 ~ 2 g a t i v e  c u r v a t u r e ,  
b u t  t h e  h igher  growth rates do n o t  ensure  n e g a t i v e  c u r v - t  ure. 
This  is shown by n o t i n g  t h a t  t h e  minor phase always ir.end~ to  
show p o s i t i v e  curva tu re ,  With some c a r r ,  an i n t e r f - c e  w i t h  
nega t ive  curva tu re  i n  t h e  minor phase was prepared ,  T h . s  is seen  i n  
t h e  middle micrograph, Fig.  10.5A. T h i s  i n t e r f a c e  was growing 
a t  s t eady  s t a t e  a t  approximately 0.15 micrometers/sec. an3 
t h e  l a r g e  laxnellae alloweo t o  develop. The growth race w a s  
then  inc reased  t o  approximately 0.75 micrometers/sec. and, 
i n s t a n t l y ,  t h e  nega t ive  c u r v a t u r e  developed i n  t h e  8 phase 
lamellae.  The f i r s t  and t h i r d  micrograph on t h e  Fig.  10.5A 
a r e  i n t e r f a c e s ~  growing a t  s t eady  state. The f l r s t  is  t y ~ t c a l  
f o r  t h i s  system. The t h i r d  has  s l i g h t l y  deeper  concavi ty  i n  
t h e  a lamellae.  Th i s  a l l o y  has  some O i l  Red dye i n  it which 
has a low d i s t r i b d t i o n  c o e f f i c i e n t  i n  C B r L .  
The second group of micrographs, Fig. 10.5B show a 
d i v e r s i t y  of i n t e r f a c e  shapes. I n  t h e  f i r s t  micrograph of  t h e  
group (upper l e f t  co rne r )  t h e  i n t e r f a c e  was growing i n  a coupled 
manner, bu t  t h e  a d d i t t o n  of  Azobenzene and t h e  occurrence  o f  
l o w  energy i n t e r f a c e s  c r e a t e d  t h e  unt:r;ual i n t e r f a c e  p r o f i l e .  
I n  t h i s  micrograph, as w e l l ,  t h e  undercooling o f  t h e  pockets  
of  l i q u i d  i n  t h e  nega t ive  cusps of t h e  l amel lae  was so 
s e v e r e  t h a t  branches a r e  forming and growing i n t o  t h e s e  pockets .  
Two e u t e c t i c  g r a i n s  of a h y p e r e u t e c t i c  composition a l l o y  a r e  
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shown i n  t h e  second micrograph i n  t h e  group. The l a r g e r  volurne 
f r a c t i o n  of  B phase is c l e a r l y  shown a s  w e l l  as t h e  overgrowth 
of one g r a i n  by ano the r  comprising of lamellae having lower 
in te rphase  i n t e r f a c i a l  f r e e  e n e r g i e s .  
The t h i r d  micrograph i n  t h e  Fig. 10.15B, shows a classic 
e u t e c t i c  colony s t r u c t u r e .  Lamellar branching i s  also f r e q u e n t  
i n  t h i s  micrograph. 
The f o u r t h  micrograph i n  t h e  set  is  a h igh ntagnif i-  
c a t i o n  view of  a very pure e u t e c t i c  i n t e r f a c e ,  b u t  t h e  phase 
boundaries  between t h e  lamellae show s t r o n g  f a c e t i n g  and a r e  
cons iderably  t i l t e d  wi th  r e s p e c t  t o  t h e  growth a x i s .  Shallow 
t r i j u n c t i o n  cusps i n d i c a t e  t h a t  t h e  phase boundaries  are t h e  
" s p e c i a l "  type ,  and t h e  i n f l e x i b i l i t y  of t h e  l amel lae  t o  a t t a i n  
t h e  " c o r r e c t "  volume f r a c t i o n  under t h e s e  circumstances is a l s o  
shown. 
10.2.2 Convection Experiments 
The e f f e c t s  observed whc.1 us ing  t h e  s p e c i a l  convect ion 
cells were due wholly to  fo rced  convect ion phznomena. Due t o  
t h e  t h i n  geometry of  t h e  cell and t h e  v i s c o s i t y  o f  t h e  l i q u i d  
o rgan ic ,  n a t u r a l  convect ion e f f e c t s  were absen t .  Whenever 
impur i ty  cells a r e  cons idered  i n  t h e s e  c a s e s ,  an  a d d i t i o n  of 
less than two weight  pe rcen t  Azobenzene was made. The r e s u l t s  
begin wi th  pure and impure s i n g l e  phase a l l o y s ,  then  fo l low wi th  
e u t e c t i c  i n t e r f a c e s .  F i r s t ,  a d e s c r i p t i o n  of  convect ive  
behaviour w i l l  be presented .  
The c o n t r o l  o f  convect ion was d i r e c t  and p r e c i s e .  
The convect ion behaviour w a s  e a s i l y  observed s i n c e  smal l  d u s t  
p a r t i c l e s  o r  broken p i e c e s  of  s o l i d i f i e d  o r g a n i c  i n  t h e  l i q u i d  
were seen moving w i t h  each a p p l i c a t i o n  o f  t h e  h y d r a u l i c  f o r c e s .  
Flow was found t o  be smooth and uniform i n  v e l o c i t y  from t e n s  
of microns away from t h e  i n t e r f a c e  r i g h t  up t h e  s o l i d  i n t e r -  
f ace  s u r f a c e  i t s e l f .  Turbulent  f law was never  observed,  nor  
were s t a g n a n t  o r  boundary l a y e r s  seen.  For t h e  i so the rmal  ce l l  
c o n s t r u c t i o n ,  it i s  f e l t  t h a t  i f  need be, t h e  l i q u i d  ahead of 
one l amel la  could be s h i f t e d  over ,  i n  p lug  type  f low, t o  t h e  
next  lamel la .  
L a t e r ,  it was r e a l i z e d  t h a t  such p r e c i s e  c o n t r o l  was 
no t  necessary  t o  observe  t h e  e f f e c t s  o f  convect ion on t h e  
i n t e r f a c e .  The  r e s u l t s  of  t h e  exper iments ,  a s  w e l l ,  were ~ o t  
s i g n i f i c a n t l y  d i f f e r e n t  when g e n t l e  ve r sus  f o r c e f u l  ccilvection 
was used. 
The t h i r d  cell  type f o r  convect ion (see s e c t i o n  9.3.2) 
was used to r e p l a c e  pure l i q u i d  i s o t h e r m a l l y  wi th  impure l i q u i d  
a t  a s t a t i o n a r y  s i n g l e  phase p l a n a r  i n t e r f a c e .  The r e s u l t  was 
t h a t  t h e  i n t e r f a c e  s lowly receded and stopped a t  a p o i n t  
f a r t h e r  down t h e  thermal  g r a d i e n t .  The impure l i q u i d  could  be  
cons idered  c o r r o s i v e  t o  t h e  pure  solid. Where a g r a i n  boundary 
groove was p r e s e n t  i n i t i a l l y  b e f o r e  convect ion ,  t h e  shape of 
t h i s  groove d i d  n o t  change a s  t h e  i n t e r f a c e  receded.  Subsequent 
growth of  t h e  i n t e r f a c e  ( a t  a r a t e  which p rev ious ly  r e s u l t e d  i n  
a p l a n a r  i n t e r f a c e )  l e d  t o  c e l l u l a r  breakdown. 
The shape of  a g r a i n  boundary groove i n  a "pure" a l l c y  
under i so the rmal  convect ion c o n d i t i o n s  (convect ion  cel l  type  
two, 9 .3 .2 )  d i d  n o t  p e r c e p t i b l y  change i t s  shape n o r  e i t h e r  m e l t  
nor  grow. 
Where t h e  ce l l  t h a t  was used w a s  n o t  t h e  i so the rmal  
type ,  and a s i n g l e  phase a l l o y  f i l l e d  t h e  ce l l ,  t h e  convect ing  
l i q u i d  r e p l a c i n g  t h e  l i q u i d  ahead o f  t h e  i n t e r f a c e  would o r i g i n -  
a t e  from a warmer p a r t  of t h e  c e l l  and cause  t h e  concornmittant 
e f f e c t s  a t  t h e  i n t e r f a c e .  This  e f f e c t  was mel t ing  back o f  t h e  
i n t e r f a c e  i n  t h e  reg ion  n e a r  t h e  b a r r i e r  end where t h e  f low 
was g r e a t e s t .  
The e u t e c t i c  i n t e r f a c e s  a l s o  melted back when t h e  
cel l  used was a s imple  (non-isothermal)  convect ion cell .  
Secondary e f f e c t s  were observed a s  w e l l .  F i r s t ,  t h e  major phase 
(CBrb-rich) would r e c e d ~  more q u i c k l y  than t h e  minor phase. 
Secondly, when t h e  degree  of convect ion was s t r o n g ,  t h e  exposed 
f i n g e r s  of t h e  minor phase would weaken a t  t h e i r  base  (nea r  
t h e  new p o s i t i o n  of  t h e  major phase i n t e r f a c e s )  and s w i f t l y  
be c a r r i e d  away a s  s o l i d  p i e c e s  a f t e r  they  were sheared  o f f  by 
t h e  convect ive  flow. 
Iso thermal  convect ion of pure  e u t e c t i c  l i q u i d  a t  a 
e u t e c t i c  i n t e r f a c e  is  desc r ibed  next .  Reca l l  t h a t  cons ide rab le  
c o n t r o l  of t h e  convect ive  flow wac achieved,  and t h a t  plug-type 
flow was observed i n  t h i s  type  of exper imenta l  arrangement. 
Regardless  of  t h e  degree  of convect ion ,  t h e  on ly  
change a t  t h e  slowly growing o r  s t a t i o n a r y  e u t e c t i c  i n t e r f a c e ,  
was a s l i g h t  "rounding" of t h e  s o l i d - l i u u i d  boundaries .  The 
o v e r a l l  i n t e r f a c e  shape was made up of  r epea ted  convexity of  
t h e  s o l i d - l i q u i d  phase boundaries .  (See Fig .  10.6)  These 
obse rva t ions  were made on e u t e c t i c  i n t e r f a c e s  where t h e  major 
phase width was less than approximately t h i r t y  micrometers. 
Larger l a m e l l a r  widths  were n o t  observed under t h e s e  c o n d i t i o n s .  
The p o i n t  of  t h e  above s t a t ement  i s  s i g n i f i c a n t  s i n c e ,  a s  t h e  
l a m e l l a r  spac ing  decreased,  t h e  change i n  i n t e r f a c i a l  shape upon 
t h e  a p p l i c a t i o n  o f  convect ion g radua l ly  became less p e r c e p t i b l e .  

10.2.3 Q u e n c h e ~  I n t e r f a c e s  
The thermal  t r a n s i e n t s  in t roduced by quenching t h e  
l i q u i d  a d j a c e n t  t o  a growing p l a n a r  e u t e c t i c  i n t e r f a c e  caused 
t h e  formation o f  s ingle-phase d e n d r i t e s  from t h e  e u t e c t i c  
i n t e r f a c e  and t h e  overgrowth of  one phase by t h e  o t h e r .  
Rapid, s t r o n g  quenches caused t h e  formation of  f i n e ,  
s ingle-phase d e n d r i t e s ,  most of  which o r i g i n a t e d  from t h e  CBrb-  
r i c h  phase. These d e n d r i t e s  grew i n  groups, d i s t i n g u i s h e d  by 
a  common p r i n c i p a l  growth d i r e c t i o n  f o r  t h e  d e n d r i t e s .  Each 
group o r i g i n a t e d  from a  s i n g l e  e u t e c t i c  g ra in .  Wide l amel lae  
of  t h e  C B r c  phase o f t e n  genera ted  more than one d e n d r i t e  s t a l k .  
I f  t h e  lamel lae  of  t h e  minor phase were s u f f i c i e n t l y  wide, they  
t o o  could nenera te  d e n d r i t e s ,  b u t  t h e s e  d e n d r i t e s  were always 
blocked by t h e  o t h e r ,  f a s t e r  growing CBrs-rich d e n d r i t e s .  The 
d e n d r i t e  groups from v a r i o u s  e u t e c t i c  g r a i n s  were observed t o  
be o r i en t , ed  a t  a  v a r i e t y  of  ang les  t o  t h e  specimen a x i s ,  and 
r a r e l y  grew p a r a l l e l  t o  t h e  e u t e c t i c  lamel lae  from which they  
grew. A d e n d r i t e  group could  grow a t  a  l a r g e  ang le  from t h e  
e u k e c t i c  growth a x i s  and could  block t h e  growth of  t h e  d e n d r i t e  
C 
group i n  t h e  ad jacen t  e u t e c t i c  g r a i n .  
With  t h e  thermal  t r a n s i e n t  s c u r c e  removed, t h e  
d e n d r i t e  melted back completely i n  a few minutes.  A second 
a p p l i c a t i o n  of t h e  quenching gas caused t h e  same d e n d r i t e  growth 
behaviour a s  i n  t h e  previous  thermal  c y c l e ,  showing t h a t  t h e  
d e n d r i t e  growth d i r e c t i o r l  is unique f o r  each i n d i v i d u a l  e u t e c t i c  
g r a i n .  These growth d i r e c t i o n s  were presumably < l o o >  d i r e c t i o n s ,  
a s  t h e  CBrs-rich phase has  t h e  face-cent red  c u b i c  s t r u c t u r e .  
The f a c t  t h a t  t h e  d e n d r i t e s  were growing i n t o  a  s o l u t e  r i c h  melt 
d i d n ' t  a l t e r  t h e  d e n d r i t e  primary gr-th d i r e c t i o n .  [36! The 
d e n d r i ' ?  primary arm spac ing  was always cons iderably  s m a l l e r  
than t h e  cel l  th ickness .  Dendri te  growth d i d  n o t  appear  t o  be 
in f luenced  by t h e  presence of t h e  g l a s s  s u r f a c e s .  
The s e v e r i t y  of  t h e  quench cocld  be c o n t r o l l e d  t o  g ive  
a  wide range of coo l ing  r a t e s .  A very mild quench was emplcyed 
t o  s tudy t h e  i n i t i a t i o n  of t h e  d e n d r i t e s  desc r ibed  above. 
The mild quench caused t h e  i n t e r f a c e  t o  advance i n  a 
s i m i l a r  f a sh ion  t o  the p e r t u r b a t i o n s  which develop a t  g r a i n  
boundary grooves a t  p l a n a r  s i n g l e  phase i n t e r f a c e s .  An example 
of  t h e  development c '  t h e s e  p e r t u r b a t i o n s  i s  shown i n  Fig .  1 0 . 9 ,  
f o r  a  s i n g l e  phase a l l o y .  The t r i j u n c t i o n s  a t  t h e  e u t e c t i c  
i n t e r f a c e s  were t h e  i r r e g u l a r i t i e s  o r  s i n g u l a r i t i e s  which 
i n i t i a t e d  t h e  breakdown. The sequence of e v e n t s  is  dep ic ted  i n  
Fig. 10.7 wi th  nricrographs and drawinqs. The CBrs-rich phase,  
t h e  major phase, overgrew t h e  minor phase p r i o r  t o  t h e  r a p i d  
d e n d r i t i c  growth from t h e  s o i i d .  However, t h e  overgrowth d i d  
not  completely block t h e  minor phase from growth b u t  l e f t  a  
narrow channel through which t h e  second phase could con t inue  t o  
grow. 
The advance of  t h e  i n t e r f a c e  caused by a  mild quench 
would recede i n  a few seconds t o  t h e  o r i g i n a l  i n t e r f a c e  shape. 
--"tances The local composition in the liquid under these ciriuutz 
may not have been xpset sufficiently to prevent complete 
reversal of the quenching .process to return the interface to 
its original state (as the temperatures return to the original 
values) . 
Fig. 10.7 (a)  
Stages of Breakdown Upon Quenchitig 
Liqu~d Liquid 
m P m t S  
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10.2.4 Angled V i e w  o f  E u t e c t i c  I n t e r f a c e s  
I n  o r d e r  t o  de t e rmine  t h e  g e o m e t r i c a l  r e l a t i o n s h i p  
between t h e  s o l i d - l i q u i d  i n t e r f a c e s  and  t h e  g l a s s  s u r f a c e s  o f  
t h e  cells, t h e  microscope w a s  remounted a t  a n  a n g l e  o f  approx- 
i m a t e l y  s even teen  d e g r e e s  from t h e  v e r t i c a l ,  so t h a t  t h e  solid- 
l i q u i d  i n t e r f a c e  cou ld  b e  seen  i n  p e r s p e c t i v e  th rough  t h e  
l i q u i d .  W h i l e  o b s e r v a t i o n s  were d i f f i c u l t  owing t o  t h e  l i m i t e d  
d e p t h  of  f i e l d  o f  t h e  o b j e c t i v e  l e n s  (approximate ly  t w o  micro- 
meters), photomicrographs of  t h e  i n t e r f a c e  r e v e a l e d  t h e  
f e a t u r e s  shown i n  F ig .  10.8 . An i m p o r t a n t  o b s e r v a t i o n  is t h e  
v i r t u a l l y  f l a t  v e r t i c a l  f a c e  of t h e  i n t e r f a c e ,  w i t h o u t  secondary  
c u r v a t u r e  i n  t h e  v e r t i c a l  a x i s .  I n  a d d i t i o n ,  t h e  phase  
bounda r i e s  t e n d  t o  l i e  normal t o  t h e  g l a .  ; s u r f a c e s .  The 
photographs  do n o t  show t h e  observed  t h i n  l a y e r  o f  l i q u i d  ( m e l t )  
between t h e  o r g a n i c  s o l i d  and t h e  l o w e r  g l a s s  s u r f a c e  j u s t  
beh ind  t h e  l e a d i n g  edge o f  t h e  i n t e r f a c e .  
- - - -..-. . --- 
I I. e m -  --. 
10.2.5 The E f f e c t s  o f  1 x i t y  Addi t ions  and Changes i n  
Ve loc i ty  o f  G r o w t  on S i n g l e  Phase I n t e r f a c e s  
The obse rva t ions  i n  t h i s  s e c t i o n  d e s c r i b e  t h e  e f f e c t s  
of  changes i n  growth v e l o c i t y  on an i n t e r f a c e  i n  pure  or impure 
CBrt ,  as w e l l  a s  a l l o y s  of CBrt ,  and C2C16. I n  p a r t i c u l a r ,  t h e  
shape of a g r a i n  boundary groove was monitored both  w i t h  and 
wi thout  t h e  development of  morphological i n s t a b i l i t i e s  due t o  
c o n s t i t u t i o n a l  undercooling e f f e c t s .  The e f f e c t s  of  
c o n s t i t u t i o n a l  undercooling on t h e  morphology of  a g r a i n  boundary 
groove have been e x t e n s i v e l y  s t u d i e d  by o t h e r s  (71 and l e a d  to  
changes c l ~ a r a c t e r i s t i c  of  t h e  cause  ( c o n s t i t u t i o n a l  undercoolin,-).  
The f i r s t ,  s imple experiment  was t o  fo l low t h e  changes, 
i f  any, of t h e  g r a i n  boundary groove shape as t h e  i n t e r f a c e  
responded t o  va r ious  s t e p  changes i n  v e l o c i t y  from a s t a n d s t i l l .  
The c e l l  v e l o c i t y  was taken from ze ro  t o  some c o n s t a n t  va lue  
(e.g.  f i v e  micrometers p e r  second) . When pure CBrt, o r  an  a l l o y  
made from pure  CBrt ,  w a s  t e s t e d  i n  t h i s  way, t h e r e  was no v i s i b l e  
change i n  t h e  g r a i n  boundary groove shape,  even f o r  slow s teady  
s t a t e  qrowth up t o  speeds of  t h e  o r d e r  of  two to  t h r e e  micro- 
meters  pe r  second. A s i m i l a r  obse rva t ion  was made by Jones  
and Chadwick i n  an ice-water-NaC1 system. [131 They noted 
t h a t  smal l  i n t e r f a c e  movements would n o t  l e a d  t o  shape changes 
'st g r a i n  boundary grooves. A f t e r  a pe r iod  of  s t eady  growth of  
such an i n t e r f a c e ,  t h e r e  would be some change i n  t h e  shape of 
t h e  groove. The o n s e t  of  t h e  change i n  shape would occur  more 
quickly  when t h e  v e l o c i t y  was set t o  a h igher  va lue .  T h i s  
would be  caused  by t h e  accumula t ion  o f  t h e  r e s i d u a l  i m p u r i t i e s  
o r  o f  t h e  i m p u r i t y  p r o d u c t s  of d e g r a d a t i o n  o f  t h e  CBrl d u r i n g  
growth. The changes i n  shape  t h a t  w e r e  obse rved  a t  t h i s  p o i n t  
were i d e n t i c a l  t o  t h o s e  o b t a i n e d  when a t h i r d  component was 
pu rpose ly  added to  a n  a l l o y .  T h i s  e f f e c t  is  d e s c r i b e d  nex t .  
dhen otherwise pu re  a l l o y s  were doped w i t h  i m p u r i t i e s  
such  as Azobenzen.2 and t e s t e d  i n  t h e  manner d e s c r i b e d  above, 
t h e r e  was l i t t l e  d e l a y  from t h e  s t e p  change i n  v e l o c i t y  b e f o r e  
a g r a i n  boundary groove shape  change was observed .  F ig .  10.9 
!' 
shows a t y p i c a l  sequence u i t h  t i m e ,  showing changes i n  a g r a i n  
boundary groove r e s u l t i n g  from a s t e p  change from z e r o  t o  
t o  4 .2  micrometers p e r  second. 
Obse rva t ions  o f  s t e a d y  s tate  growth o f  d i l u t e  a l l o y s  
of C 2 C l 6  i n  C B r r  were made a s  w e l l .  The s t a g e s  o f  i n t e r f a c i a l  
breakdown from t h e  e f f e c t s  o f  c o n s t i t u t i o n a l  unde rcoo l ing  were 
monitored.  
The o b s e r v a t i o n s  which f o l l o w  w e r e  made f o r  an  a l l o y  
o f  2 . 4 5  weight  p e r c e n t  Hexachloroethane i n  C B r c  , growing a t  
0 .265  micrometers  p e r  second. A t  a v e l o c i t y  below t h i s  v a l u e ,  
t h e  i n t e r f a c e  was a t  a l l  p o s i t i o n s  p l a n a r .  Growing a t  t h i s  
v e l o c i t y ,  t h e  i n t e r f a c e  was almost p l a n a r  b u t  a s e t  o f  e v e n l y  
spaced  d i s c o n t i n u i t i e s  formed, u s u a l l y  i n  one g r a i n  b e f o r e  
a n o t h e r  and s t a r t i n g ,  one a t  a t i m e ,  from t h e  d i s c o n t i n u i t y  
formed by an e x i s t i n g  q r a i n  boundary.  These d i s c o n t i n u i t i e s  were 
spaced  t h i r t y  t o  f i f t y  micrometers a p a r t  and became i n v i s i b l e  I 
! 
approx ima te ly  150 micrometers  behind  t h e  i n t e r f a c e .  
I t  is b e l i e v e d  t h a t  the d i s c o n t i n u i t i e s  d e s c r i b e d  
above are known as nodes.  Nodes a r e  t h e  p r e c u r s o r s  o f  cell 
bounda r i e s .  [ 42 ,  71 The d i s c o n t i n u i t i e s  obse rved  caused  no  
c u r v a t u r e  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  (which would b e  
c h a r a c t e r i s t i c  o f  cel l  f o r m a t i o n ) .  Nodes form where rejected 
s o l u t e  c o l l e c t s  i n  p e r i o d i c a l l y  d i s t r i b u t e d  pocke t s  ( w i t h o u t  
v i s i b l e  format ion  o f  i n t e r f a c e  c u r v a t u r e ) .  When a  s l i g h t l y  
h i g h e r  growth rate w a s  a p p l i e d ,  bo th  t h e  g r a i n  boundary groove 
and t h e  s o l i d - l i q u i d  i n t e r f a c e  n e a r  t h e  nodes developed 
a d d i t i o n a l  c u r v a t u r e s  s o  t h a t  t h e  i n t e r f a c e  became c l e a r l y  
c e l l u l a r .  A t  t h i s  s t a g e ,  once s t e a d y  s t a t e  w a s  reached ,  t h e  
cel l  bounda r i e s  and g r a i n  boundary grooves  were 
i n d i s t i n g u i s h a b l e  from one a n o t h e r .  T h i s  o b s e r v a t i o n  shou ld  
be compared t o  t h e  s t e p  change o b s e r v a t i o n  d e s c r i b e d  earlier 
and shown i n  F ig .  10.9. The e f f e c t s  o f  c o n s t i t u t i o n a l  under- 
c o o l i n q  were i n t r o d u c e d  more a b r u p t l y  i n  t h e  e a r l i e r  case and 
t h e  c u r v a t u r e  o f  t h e  g r a i n  boundary groove  i n c r e a s e d  r a p i d l y  
and caused  f u l l  c e l l u l a r  growth t o  o c c u r  w i t h o u t  t h e  p r i o r  
development o f  nodes.  T h i s  (F ig .  10.9)  form o f  breakdown i s  
ana logous  t o  quenching t h e  i n t e r f a c e .  (Blowing on t h e  cell 
s u r f a c e  conf i rms  t h i s . )  
T h e r e  was a second purpose LO s t u d y  t h e  p l a n a r -  
c e l l u l a r  breakdown p r o c e s s  i n  d i l u t e  a l l o y s .  T h i s  w a s  done 
t o  a t t e m p t  a measurement o f  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  
liquid of the solute using the constitutional undercooling 
criterion. Unfortunately, it seems the distribution coefficient 
of the unknown impurity in the CBrb is very much smaller than 
that for C2Cl6 in CBrb (which is greater than 0.3). 
Fig. 10.3 
( a )  
Zero 
Velocity 
Stages of breakdown of a Grain Boundary Groove 
SlbC2, R=O to 2 . 5  micrometers/sec. 
! 
10 .2 .6  Combined C o n v e c t i o n  and Quench ing  
Quench ing  a n d  c o n v e c t i o n  c o u l d  be d o n e  t o g e t h e r  when 
1 
growing t h e  o r g a n i c  a l l o y  i n  a c o n v e c t i o n  cell w i t h o u t  t h e  
p r o t e c t i v e  s e c o n d  c o v e r g l a s s .  Whi le  v a r i o u s  p r o c e d u r e s  were  
u s e d ,  t h e  most i n f o r m a t i v e  s e q u e n c e  i n v o l v e d  a quench ,  f o l l o w e d  
by c o n v e c t i o n ,  tl-2n f o l l o w e d  by a n o t h e r  quench  w h i l e  c o n v e c t i o n  8 " I .r 
was s t i l l  i n  p r o u r e s s .  The r e s u l t  o f  t h i s  s e q u e n c e  was as 
f o l  lows : 
i .  
The f i r s t  quench  c a u s e d  d e n d r i t e  g r o w t h ,  as d e s c r i b e d  1: 
I .  
e a r l i e r ,  e a c h  e u t e c t i c  g r a i n  l e a d i n g  t o  a d i f f e r e n t l y  o r i e n t e d  
se t  o f  d e n d r i t e s .  C o n v e c t i o n  a t  t h i s  t i m e  l e d  t o  two o b s e r v a t i o n s .  
F i r s t ,  t h e r e  was mot ion  o f  small, f o r e i g n  p a r t i c l e s  i n  t h e  l i q u i d  
w e l l  w i t h i n  t h e  d e n d r i t e  n e t w o r k ,  and e v e n  n e a r  t h e  o r i g i n a l  
i n t e r f a c e ,  showing t h a t  f o r c e d  c o n v e c t i o n  w a s  e f f e c t i v e  th rough-  
o u t  t h e  d e n d r i t e  ne twork .  Second ,  l a r g e  b r a n c h e s  o f  t h e  d e n d r i t e s  ' 
, . 
were s e e n  t o  b r e a k  o f f  i n  t h e  c o n v e c t i o n  c u r r e n t  and  d r i f t  away 
, . 
i n  p i e c e s  w h i l e  s l o w l y  m e l t i n g .  
T h e  second  quench  c a u s e d  t h e  u n d e t a c h e d  d e n d r i t e s  t o  
qrow f u r t h c r ,  and  t h e  d r i f t i n g  p i e c e s  o f  d e n d r i t e s  t o  f a s t e n  
themselves t o  t h e  r e q r o w i n g  d e n d r i t e s  a n d  c o n t i n u e d  t o  grow also. 
Thcse  d e n d r i t e  p i e c e s  l o d q e d  t h e m s e l v e s  i n  random o r i e n t a t i o n s  
i n  t h e  newly formed s o l i d ,  s r o w i n g  a s  s e p a r a t e  e u t e c t i c  g r a i n s .  
T h c s e  c v c n t s  e x a c t l y  p a r a l l e l  g r a i n  m u l t i p l i c a t i o n  i n  
c a s t i n g s  of s i n o l e  p h a s e  a l l o y s .  [ 7 ,  391 F o r  t h e  f i r s t  t i m e ,  
these observations have been made i n  a e u t e c t i c  a l l o y .  The 
dendrites,  a s  f i n a l l y  s o l i d i f i e d ,  were seen to be made up o f  
two phases and thus could be c lassed a s  e u t e c t i c  dendrites,  
although coupled growth was not maintained throughout t h e i r  
formation. 
10.2 .7  Nuc lea t ion  Experiment 
I n  t h i s  exper iment ,  t h e  cell, c o n t a i n i n g  a f u l l y  
molten e u t e c t i c  a l l o y ,  was d r i v e n  a t  c o n s t a n t  speed  toward t h e  
lower t empera tu re  end o f  t h e  microscope s t a g e .  Some under- 
c o o l i n g  was ach ieved ,  and t h e  n u c l e a t i o n  e v e n t  f o r  t h e  e u t e c t i c  
a l l o y  w a s  observed.  A s  soon as t h e  n u c l e a t i o n  e v e n t  was 
d e t e c t e d ,  t h e  motor d r i v e  was t u r n e d  o f f .  The undercooled  
l i q u i d  s o l i d i f i e d ,  and a  s o l i d - l i q u i d  i n t e r f a c e  was f i n a l l y  I 
e s t a b l i s h e d  on t h e  e q u i l i b r i u m  i so the rm.  The d i s t a n c e  from 
t h i s  p o i n t ,  t o  t h e  p o i n t  o f  n u c l e a t i o n  (most undercooled 
l i q u i d ) ,  t o g e t h e r  w i t h  t h e  known t empera tu re  g r a d i e n t ,  p e r m i t t e d  
e s t i m a t i o n  o f  t h e  unde rcoo l ing  a t t a i n e d .  
I n  t h e  expe r imen t s ,  t h e  n u c l e a t i o n  e v e n t s  were always 
the h e t e r o g e n e ~ u s  t y p e ,  n u c l e a t i o n  o f t e n  o c c u r r i n g  GJI t h e  g l u e  
w a l l  of  t h e  "V"-shaped end  o f  t h e  cell.  I n  one  cel l ,  a m a r l y  
i n v i s i b l e  d u s t  p a r t i c l e  c o n s i s t e n t l y  n u c l e a t e d  t h e  a l l c y .  
F i g  10.10 i s  a  photograph o f  t h e  t e l e v i s i o n  moni tor  
d i s p l a y i n g  t h e  view subsequent  t o  t h e  n u c l e a t i o n  e v e n t .  What 
was immediately  e v i d e n t  was t h e  s i n g l e  phase d e n d r i t i c  growth 
( a p p a r e n t l y  t h e  a phase )  i n  t h r e e  mu tua l ly  or thonormal  d i r e c t i o n s .  
The d e n d r i t e  arm which was d i r e c t e d  towards t h e  more undercooled  
l i q u i d  a c c e l e r a t e d  i n  growth r a t e  a s  t h e  d e n d r i t e  t i p  e n t e r e d  
p r o g r e s s i v e l y  cooler l i q u i d .  Secondary d e n d r i t e  arms formed 
and grew i n t o  t h e  undercooled  l i q u i d .  A f t e r  approximate ly  one 
second,  t h e  e v o l u t i o n  o f  l a t e n t  h e a t  slowed t h e  as v e t  s t i l l  
s i n g l e  phase growth. Then, the other phase of the eutectic 
was observed forming between the arms of the dendr i t=s .  After 
this stage, coupled eutectic grew as colonies or grains.unti1 
the stationary equilibrium interface was formed. 
The calculated maximum undercooling observed for these 
ce 11s filled with eutectic was - 1 . 5  deqrees . 
Fig. 10.10 
Nucleation of Undercooled Eutectic L i v i d ,  T.v. sequence, 
Appraxirnately 500 x. 
10.2.8 Double Alloy C e l l s  
I f  growth w a s  i n i t i a t e d  i n  pure e u t e c t i c  and cont inued 
i n t o  t h e  impure e u t e c t i c  l i q u i d ,  t h e r e  was l i t t l e  change of the 
i n t e r f a c e  shape on t h e  s c a l e  o f  t h e  lamellae.  This  was t h e  case 
when t h e  growth r a t e  was k e p t  very  slow (e.g. R = 0.5 micrometers 
per second) t o  mainta in  a p lanar  i n t e r f a c e  i n  t h e  presence o f  t h e  
i m p u r i t i e s .  The only d e f i n i t e  obse rva t ion  was t h e  breakdown o f  
t h e  p l - n a r  i n t e r f a c e  i n t o  a c e l l u l a r  i n t e r f a c e  a t  ve ry  low 
v e l o c i t i e s  (Rc1.5 micrometers p e r  second) , and t o  e u t e c t i c  
d e n d r i t e s  a t  h igher  v e l o q i t i e s .  
Very l i t t l e  d i f f u s i o n  i n  t h e  l i q u i d  occurred ,  which 
would mix t h e  impure wi th  t h e  pure  l i q u i d .  I t  was r e l a t i v e l y  
easy  t o  d e t e c t  t h e  t r a n s i t i o n  by co lour  change of  sample, s i n c e  
t h e  impur i ty  added (Azobenzene) i s  i t s e l f ,  yellow-orange i n  
colour  . 
10.2.9 Thermomigration of  Liquid  Drop le t s  
Observat ions of  thermomigration o f  l i q u i d  d r o p l e t s  
were made i n  s ingle-phase a l l o y  specimens p r i o r  t o  i n i t i a t i o n  
of  growth. I n  t h e  c a s t  s o l i d  nea r  t h e  i n t e r f a c e ,  spher i : a l  
d r o p l e t s  of  l i q u i d  on ly  a  f e w  micrometers i n  d iameter  were 
observed t o  form. I n  t h e  tempera ture  g r a d i e n t  p r e s e n t ,  t h e s e  
d r o p l e t s  migrated to  t h e  i n t e r f a c e ,  t o  f i n a l l y  e n t e r  t h e  bulk 
of  t h e  l i q u i d .  The depress ion  i n  t h e  s o l i d - l i q u i d  i n t e r f a c e  
t h a t  was formed when a  d r o p l e t  con tac ted  t h e  bulk l i q u i d ,  
f i l l e d  i n  with solid r a p i d l y ,  l e a v i n g  no t r a c e  o f  t h e  d r o p i e t .  
On t h e  average,  t h e  time e lapsed  from f i r s t  c o n t a c t  
of  t h e  d r o p l e t  w i t h  t h e  i n t e r i a c e  t o  t h e  c o m p l e t ~  r e s t o r a t i o n  
of t h e  i n t e r f a c e  shape,  i n  a  t y p i c a l  temperature g r a d i e n t ,  was 
approximately t e n  seconds. 
10.2.10 Low Energy I n t e r p h a s e  I n t e r f a c e s  ( n S p e c i a l n  ~ o u n d a r i e s )  
Across tho  width o f  a  ce!.l, a  p l a n a r  e u t e c t i c  {nter -  
f ace  u s u a l l y  c o n s i s t s  o f  s e v e r a l  eutect.'.: g r a i n s .  Th i s  f a c t  
cannot be zecognized by simply viewing a normzl p l a n a r  i n t t r -  
f ace  which is made up of h igh  energy i n t e r p h a s e  houndar i - . I ,  
a l though t h e  g r a i n s  can be revea led  by quenching t o  produce 
d e n d r i t e s  growing i n  a  d i f f e r e n t  d i r e c t i o n  from each g ra in .  
However, a d i s t i n c k  e u t e c t i c  g r a i n  was f r e q u e n t l y  observed i n  
which t h e  interyi :ase boundaxit-,; ware a l i g n e d  i n  a  d i r e c t i o n  
o t h e r  tha.1 t h e  growth d i r e c t i o n  a s  des igna ted  by the ncrmal t o  
t h e  s o l i d - l i q c i d  i n t e r f z c e .  Such a  e u t e c t i c  g r a i n  was grow,.g 
with more s t a b l e ,  lower energy i n t e r p h a s e  i n t e r f a c e s  ( " s p e c i a l "  
boundar ies) .  This  lower energy i s  e v i d e n t  i n  rhe shal lower  
cusps t h a t  develop a t  t h e  t r i j u n c t i o n s  coripared t o  t h e  cusps 
o r  grooves a t  t r i j u n c t i o n s  which form with h igh  energy i n t e r -  
phase boundaries .  A consequence of t h e s e  e u t e c t i c  g r a i n s  made 
up of l o w  energy i n t e r p h a s e  boundaries  i s  t h e  i n f l e x i b i l i t y  of  
t h e  i n t e r f a c e  t o  accommodate l o c a l  v a r i a t i o n s  of  composition, 
o r  p e r t u r b a t i o n s  i n  growth r a t e ,  growth d i r e c t i o n  o r  volu.ne 
f r a c t i o n .  These g r a i n s ,  because of  t h e i r  k . e r s i s t e r ~ c e  i n  
growing o f f - a x i s ,  e v e n t u a l l y  grow i n t o  o t h e r  "lower energy 
g r a i n s "  o r  cease  growth a t  t h e  s i d e s  o f  t h e  c e l l .  Such g r a i n s  
a r e  e a s i l y  d e t e c t e d  a t  an i n t e r f a c e  i f  they grow-off a x i s .  
However, many g r a i n s  wi th  low energy i n t e r p h a s e  boundaries  do  
grow a longs ide  g r a i n s  with high energy phase boundaries  i n  t h e  
cell axis. These can be i d e n t i f i e d  by loca t ing  the very 
shallow o r  f l a t  t r i j u n c t i o n  groove. A micrograph showing a 
group of low energy interphase  i n t e r f a c e s  growing off-axis  
I 
t o  the  hea t  flow i s  given i n  Fig. 10.11. The cell used i n  
the micrographs w a s  f i l l e d  with an organic  a l l o y  made with 
CBr* t h a t  had not  been pur i f ied .  Other examples are found 
i n  Fig. 10.5. 
Under condi t ions  of  low thermal g rad ien ts ,  us ing 
pure s t a r t i n g  mater ia l s ,  another manifes ta t ion of  t h e  d i f f e r ence  
between high and low energy boundaries was observed, a t  t h e  
growing so l id - l iqu id  i n t e r f ace .  D i r e c t  comparison o f  t h e  
p o s i t i o  1 of t h e  sol id-  l i q u i d  i n t e r f a c e  formed by e u t e c t i c  
growing with s p e c i a l  boundaries and t h e  pos i t i on  of  t h e  i n t e r -  
face  with high energy boundaries snowed t h a t  t h e  i n t e r f a c e  with 
t h e  spec ia l  boundaries grew with less undercooling. The local 
so l id - l iqu id  i n t e r f a c e  w a s  seen t o  grow i n  advance of  t h e  
surrounding i n t e r f a c e  when t h e  former cons i s ted  of s p e c i a l  
boundaries and t h e  l a t t e r  consis ted of high energy boundaries. 
Exanples a r e  shown i n  Fig. 10.12. The d i f fe rence  i n  undercooling 
must be small  because t h i s  phenomena was only  observed with a 
shallow thermal g rad ien t  (approximately 6.8 degrees/cm). From 
the  in t e r f aces  i n  Fig. 10.12, t h e  d i s t ance  t h e  low energy 
i n t e r f a c e  leads  t h e  high energy i n t e r f a c e  was measured and the  
r e l a t i v e  temperature d i f f e r ence  calcula ted.  For t h e  low R 
i n t e r f ace  (0.65 micrometers/sec.) t he  temperature d i f f e r ence  
was 0.016OC and f o r  the  high R i n t e r f a c e  ( 4  micrometers/sec.) 
t h e  temperature d i f f e r e n c e  w a s  0.036OC. The obse rva t ion  o f  
t h i s  phenomenon w a s  found t o  be masked by cons t i tu t . iona1  
undercooling e f f e c t s  caused by i m p u r i t i e s  and h igher  growth 
rates. An extreme example o f  t h i s  w a s  t h e  obse rva t ion  o f  
need le - l ike  growth of one a and one 0 l amel la  s i d e  by s i d e  
w i t h  t h e  t r i j u n c t i o n  t h a t  formed a t  t h e  t i p  showing almost 
no grooving. The i n t e r f a c e  nearby followed, b u t  n o t  i n  a 
f u l l y  p l a n a r  manner. This  behaviour could  be induced i n  t h e  
p u r i f i e d  e u t e c t i c  a l l o y s  by growing a t  a speed g r e a t e r  than  
t h e  p l a n a r - c e l l u l a r  breakdown v e l o c i t y  f o r  t h e  given thermal  
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Uppcr: S27C3  R=3.62 micrometers/sec., G=6.d degC/crn. 
Lowcr: same sample and G, K= 4 micrometers/sec. 
10.2.11 Lamellar Spacing Development 
During t h e  experiments  r e p o r t e d  i n  t h i s  t h e s i s ,  
obse rva t ions  were made o f  t h e  manner i n  which t h e  e u t e c t i c  
lamellar spacing changes i n  response to  a change i n  growth 
r a t e  and o f  t h e  development o f  a e u t e c t i c  i n t e r f a c e  after 
nuc lea t ion  i n  a f u l l y  l i q u i d  sample. These obse rva t ions  w i l l  
be r e p o r t e d  i n  t h i s  s e c t i o n .  
Jackson and Hunt f i r s t  observed u s i n g  t h i s  o r g a n i c  
a l l o y  t h a t  when t h e  growth rate w a s  inc reased ,  t h e  l a m e l l a r  
spacing became f i n e r  everywhere a t  t h e  i n t e r f a c e .  The formation 
of s e v e r a l  new lamel lae  did n o t  occur  by a n u c l e a t i o n  mechanism 
b u t  r a t h e r ,  a branch developed from t h e  one phase and grew i n t o  
t h e  nearby pocket  of undercooled and s o l u t e  e n r i c h e d  l i q u i d  
ahead of t h e  neighbouring phase. [ 2 ]  
I t  w a s  observed i n  t h i s  work t h a t  t h e  minor phase 
would g e n e r a l l y  branch t o  e v e n t u a l l y  consume t h e  s o l u t e  and 
l i q u i d  i n  t h e  pocket  formed by the n e g a t i v e  c u r v a t u r e  i n  t h e  
major phase l amel la  (formed a f t e r  t h e  change i n  R was made). 
The branch s t e m s  from t h e  s i d e  of  t h e  minor phase a t  n e a r l y  
r i g h t  ang les  t o  t h e  i n t e r p h a s e  boundary p lane .  The branch 
usua l ly  developed i n  a region up t o  approximately f i f t y  
micrometers behind t h e  l ead ing  edge of  t h e  i n t e r f a c e .  T h i s  
is  because t h e r e  is  a t h i n  f i l m  of  l i q u i d  between t h e  lower 
s u r f a c e  of  t h e  s o l i d  e u t e c t i c  and t h e  g l a s s  s u r f a c e .  The 
branch can fol low t h i s  l i q u i d  to  t h e  e n r i c h e d  pocket  which had 
developed spontaneously from t h e  growth rate i n c r e a s e .  On rare 
occas ions  a branch w a s  observed to  develop as desc r ibed  above 
except  t h a t  t h e  branch d i d  n o t  fo l low t h e  l i q u i d  f i l m  t o  the 
s o l u t e  pocket ,  (as w a s  more o f t e n  t h e  case) b u t  rather, an 
opening w a s  formed i n  t h e  l amel la  through which t h e  branch 
pene t ra ted .  Examples of t h e s e  branches can be found behind some 
i n t e r f a c e s  i n  Fig. 10.5; f o r  example i n  t h e  colony s t r u c t u r e  
shown, a few branches can be loca ted .  Branches such as t h e s e  
have been observed i n  deeply  e tched  metal e u t e c t i c  a l l o y s .  
[ 4 0 ,  431 The s o l i d i f i e d  morphology would r e v e a l  p e r f o r a t e d  
lamel lae  a t  t h e  branch. T h i s  mechanism f o r  t h e  reduc t ion  i n  
l a m e l l a r  spacing was t h e  on ly  one observed. For small changes 
in growth rate, on ly  a f e w  minor phase  l amel lae  branched. These 
were g e n e r a l l y  a d j a c e n t  t o  a s l i g h t l y  o v e r s i z e  major phase 
lamel la .  When t h e  growth r a t e  change w a s  l a r g e ,  n e a r l y  every  
major phase l amel la  developed a deep n e g a t i v e  c u r v a t u r e  i n t o  
which branching occurred  by t h e  minor phase. A p l a n a r  i n t e r -  
f a c e  then continued t o  grow, wi th  t h e  new l a m e l l a r  spacing.  
S p l i t t i n g  of t h e  mLnol phase was r a r e l y  observed. 
The mechanism by which  t h e  l a m e l l a r  spacing i n c r e a s e d  
when t h e  growth r a t e  was reduced was observed db '.ng t h e  
development of z e r o  v e l o c i t y  i n t e r f a c e s .  (See s e c t i o n  9.2) 
A quick reduc t i cn  o f  i n t e r f a c e  v e l o c i t y  would e v e n t u a l l y  cause  
many major phase lamel lae  to  th icken  and j o i n  t o g e t h e r  t o  
reduce t h e i r  numbers. The sequence of e v e n t s  was a s  fo l lows.  
F i r s t ,  a reduc t ion  i n  R occurs .  For  l o w  growth r a t e s ,  t h e  minor 
phase l amel lae  would recede  s l i g h t l y  from t h e  i n t e r f a c e  f r o n t .  
A t  h igher  growth rates, t h e  r e l a t i v e  p o s i t i o n  o f  t h e  major and 
minor phases would n o t  change s i g n i f i c a n t l y .  Then the process  
of e l i m i n a t i o n  o f  minor phase lamellae began. The neighbouring 
major phase lamel lae  about  a minor phase lamella would edge 
up t h e  s i d e s  o f  t h e  exposed s o l i d - l i q u i d  i n t e r f a c e  of  t h e  minor 
phase u n t i l  t h e  two major phase l amel lae  jo ined,  t e rmi .~a t ing  
growth of  t h e  minor phase lamella. A s  t h e  i n t e r f a c e  continued 
t o  grow, t h e  l amel lae  i n  t h e  v i c i n i t y  a d j u s t e d  t h e i r  widths  
u n t i l  s t eady  s t a t e  growth w a s  aga in  achieved. The r e s u l t  of a 
r educ t ion  i n  R is shown i n  Fig.  10.13. 
The development o f  a polyphase morphology from a 
l i q u i d  could  n o t  be observed d i r e c t l y  u n t i l  t h e  t r a n s p a r e n t  
o rgan ics  w e r e  s t u d i e d .  The genera t ion  o f  hundreds o f  l amel lae  
has n o t  been observed be fo re .  The g e n e s i s  of  a p l a n a r  e u t e c t i c  
i n t e r f a c e  has  been s t u d i e d  h e r e  f o r  t w o  cond i t ions .  The simple 
c a s e  of  growth from a p a r t i a l l y  melted s o l i d  r e a d i l y  y i e l d s  a 
composite i n t e r f a c e .  The c a s t  e u t e c t i c  a l l o y  always had some 
B phase wi th in  the a phase m a t r i x  i n  c o n t a c t  wi th  t h e  m e l t .  
Under t h e s e  c i rcumstances ,  f3 phase n u c l e a t i o n  is n o t  a pre-  
r e q u i s i t e  f o r  growth. The random arrangement o f  l amel lae  
q u i c k l y  a d j u s t s  t o  a r e g u l a r l y  spaced e u t e c t i c  as growth proceeds.  
Combinations of t h e  l a m e l l a r  spac ing  change mechanisms d i r e c t  
t h e  l amel lae  i n t o  an o r d e r l y  i n t e r f a c e .  
The n u c l e a t i o n  (See s e c t i o n  10.2.6) experiment provided 
-- . . - .-- I - .  
t h e  means of observing t h e  g e n e s i s  o f  a e u t e c t i c  i n t e r f a c e  
from t h e  l i q u i d .  A s  noted  earlier, t h e  f i r s t  s o l i d  to  form 
from a f u l l y  molten specimen was a s i n g l e  phase d e n d r i t e  of 
t h e  carbon te t rabromide  phase. A f t e r  t h e  supercooled l i q u i d  
was consumed by forming t h e  d e n d r i t e ,  t h e  remaining l i q u i d  
between t h e  d e n d r i t e  arms transformed t o  t h e  second phase 
which grew on t h e  d e n d r i t e  arms. The r e s u l t  w a s  t h e  p e r i o d i c  
s t r u c t u r e  of  t h e  e u t e c t i c .  Continued growth o f  t h e  i n t e r f a c e  
would inc lude  t h e  al ignment  of  t h e  s o l i d i f i c a t i o n  f r o n t  t o  t h e  
isotherms and o f  t h e  s imultaneous adjustment  o f  t h e  l amel lae  
t o  t h e  i n t e r f a ~ e  v e l o c i t y  and l o c a l  growth d i r e c t i o n .  Groups 
of lamel lae  were observed, a t  times, t o  grow i n  a curved p a t h  
(forming an elbow) u n t i l  t h e  s t eady  s t a t e  u n i d i r e c t i o n a l  growth 
along t h e  c e l l  and h e a t  flow d i r e c t i o n  began. Approximately 
one s i d e  of one d e n d r i t e  s t a l k  would develop i n t o  one e u t e c t i c  
g r a i n .  Sequen t i a l ,  r epea ted  n u c l e a t i o n  o f  one phase on another  
was never  observed. 
ORlGlNAt PAGE IS 
OF POOR  QUA^ 
Fig. 10.13 
S31C2 R-0.13 micrometers/src ., C - 2 5  dc&Clrm 
100 micrometer ma rkc rs 
Fig. 10.14 
S12C3 melting interface, G approx. 25  dcpC/cm. 
10.2.12 C o n t r o l l e d  Mel t ing  o f  an I n t e r f a c e  
The Temperature  G r a d i e n t  Microscope was as w e l l  
s u i t e d  t o  t h e  performance o f  c o n t r o l l e d  m e l t i n g  expe r imen t s  as 
t o  c o n t r o l l e d  growth. Depending upon t h e  rate o f  me l t i ng ,  
t h e  i n t e r f a c e  shape w a s  sometimes r a d i c a l l y  d i f f e r e n t  from 
t h a t  f o r  a  growing i n t e r f a c e .  For  example,  f o r  melt r a t e s  o f  
less than  one micrometer p e r  second,  t h e  e u t e c t i c  i n t e r f a c e  
was i n d i s t i n g u i s h a b l e  from a  growing one.  Up t o  r a t e s  o f  t w o  
t o  t h r e e  micrometers  p e r  second ,  t h e  d i s t i n g u i s h i n g  f e a t u r e  o f  
a  m e l t i n g  i n t e r f a c e  w a s  t h e  c o n s t a n t  p o s i t i v e  c u r v a t u r e  where,  
d u r i n g  growth,  r e g i o n s  o f  z e r o  o r  n e g a t i v e  c u r v a t u r e  had be-n 
ovserved.  These d i f f e r e n c e s  between m e l t i n g  and f r e e z i n g  
i n t e r f a c e  morphology depended upon t h e  i n i t i a l  l a m e l l a r  s p a c i n g  
and t h u s  growth r a t e .  F i n e r  lamellar s p a c i n g s  reduced t h e  
appa ren t  d i f f e r e n c e s  i n  morphology o f  t h e  i n t e r f a c e  between 
growing and me l t i ng .  
A t  h i g h e r  rates o f  m e l t i n g  ( e . g .  o v e r  s i x  micrometers 
pei- second)  t h e  i n t e r f a c e  c u r v a t u r e  deve loped  t o  a form ve ry  
u n l i k e  any observed  d u r i n g  growth. F ig .  10.14 shows an i n t e r f a c e  
m e l t i n g  a t  a  h igh  r a t e .  The sharpened  n a t u r e  o f  t h e  minor phase  
i s  very  c h a r a c t e r i s t i c  o f  t h e s e  m e l t i n g  i n t e r f a c e s .  Where t h e  
melt r a t e  was even g r e a t e r ,  such  as t e n  micrometers  p e r  second ,  
t h e  minor phase ex tended  w e l l  i n t o  t h e  l i q u i d  and formed a  
long ,  wedge-shaped remnant o f  t h e  l a m e l l a .  The s i d e s  o f  t h e  
wedge appeared  to  be f l a t  and t h e  t i p  s h a r p .  The major  phase ,  
even under t h e s e  c o n d i t i o n s ,  a t t a i n e d  a c o n s t a n t  p o s i t i v e  
curva tu re  o f  t h e  i n t e r f a c e .  I t  seems t h a t  t h e  mel t ing  p rocess  
was n o t  t o t a l l y  c o n t r c l l e d  by t h e  local t g n p e ~ a t u r e ,  This  
s t a t ement  can be made from t h e  knowledge of t h e  s i m i l a r i t y  of 
thermal c o n d u c t i v i t y  o f  t h e  s o l i d  and l i q u i d  and t h a t  t h e  
h e a t  of  fus ion  f o r  both  phases i s  n e a r l y  t h e  same. From t h i s ,  
i t  i s  apparent  t h a t  t h e  wedge o f  minor phase m e l t s  a t  a  r a t e  
t h a t  i s  n o t  determined by t h e  l o c a l  c u r v a t u r e  n o r  by t h e  l o c a l  
temperature g r a d i e n t .  
10.2.13 Othe r  Obse rva t ions  
Obse rva t ions  which were n o t  consequences  o f  a s y s t e m a t i c  
series o f  expe r imen t s  are p r e s e n t e d  i n  t h i s  s e c t i o n .  One such  
o b s e r v a t i o n  was t h e  appearance  a t  t h e  e u t e c t i c  i n t e r f a c e  02 a 
g r a i n  boundary groove c u s p  w i t h i n  a l a m e l l a .  While g r a i n  
bounda r i e s  w i t h i n  t h e  minor phase were r a r e ,  t h e  e x t r a o r d i n a r i l y  
\ 
l a r g e  CBrs-rich l a m e l l a e  were sometimes " s p l i t "  by a g r a i n  
boundary which would p ropaga te  i n  a s t a b l e  manner. The appea rances  
of t h e s e  g r a i n  boundary grooves were similar t o  t h e  t r i j u n c t i o n  
cusp  shapes  when t h e  growth v e l o c i t y  was l o w .  However, as t h e  
growth r a t e  was i n c r e a s e d ,  t h e  g r a i n  boundary cusp  deepened,  
r e l a t i v e  t o  t h e  t r i  j u n c t i o n  cusps .  
The g r a i n  boundary w i t h i n  t h e  l a m e l l a  c o n s t i t u t e s  t h e  
e u t e c t i c  g r a i n  boundary,  and quenching t h e  i n t e r f a c e  caused  
d e n d r i t e  growth i n  d i f f e r e n t  d i r e c t i o n s  from e i t h e r  c r y s t a l  abou t  
t h e  g r a i n  boundary. Thz ne iqhbour ing  lamellae of t h e  same g r a i n  
produced d e n d r i t e s  growing o u t  i n  t h e  same d i r e c t i o n .  F ig .  10.13 
shows two g r a i n  bounda r i e s  a t  a e u t e c t i c  i n t e r f a c e .  
I n  t h i s  micrograph,  a c h r o n o l o g i c a l  record of t h e  
sequence of e v e n t s  i s  p r e s e ~ v e d .  The r e d u c t i o n  o f  t h e  growth rate 
from b.53 micrometers  p e r  second t o  0.13 micrometers  p e r  second 
caused  some a l a m c l l a e  t o  overgrow t h e  B l a m e l l a e ,  b u t  when do ing  
so, some m i s o r i e n t a t i o n  between t h e  t h i c k e r ,  slower growth rate 
lamellae l e d  t o  t h e  fo rma t ion  o f  t h e  g r a i n  bounda r i e s .  Close 
examina t ion  w i l l  show t h a t  t h e  two g r a i n  bounda r i e s  o r i g i n a t e  a t  
p r i o r  B phase lamel lae .  I n  a d d i t i o n ,  n o t e  t h a t  t h e  volume 
f r a c t i o n  of B phase d i d  n o t  r e a d j u s t  i t s e l f  immrdiately a f t e r  
t h e  reduc t ion  i n  t h e  number of 0 l amel lae ,  i it r a t h e r  d i d  s o  
over  an extended pe r iod  of  t i m e  and growth. 
On one occas ion ,  a tes t  was performed t o  a s c e r t a i n  
i f  t h e  l amel la r  spacing would con t inue  t o  i n c r e a s e  w i t h  
decreas ing  speed of f r e e z i n g  t o  t h e  lowest a t t a i n r 3 l e  speed. 
This  o rgan ic  e u t e c t i c  and t h e  appara tus  were uniquely s u i t e d  
t o  t h i s  t a s k .  The r a t e  of growth was g radua l ly  reduced , n t i l  
a growth rate of 0.53 micrometers p e r  second was a?hieved itnere 
t o  t h i s  t ime, t h e  l a m e l l a r  spacing smoothly inc rczsed .  Then, 
t h e  growth r a t e  was reduced by h a l f ,  t o  0.264 nicr3meters  p e r  
second. For t h e  f i r s t  s e v e r a l  minutes,  t h e  lame-lz: spacing 
remained t h e  same. Without a l t e r i n g  t h e  spacing,  t h e  minor 
phase then  began t o  send o u t  branches nea r  t h e  i n t e r f a c e  w i t h i n  
a t h i n  l a y e r  of l i q n i d  whicn o f t e n  remains a g a i n s t  t h e  g l a s s .  
The branches formed p e r i ~ d i c a l l y  on e i t h e r  s i d e  of  each minor 
phase lamel la .  When a branch reached t h e  midpoint of t h e  major 
phase l amel la  t i p ,  then  a new minor phase l amel la  began t o  
grow, now t h e  f u l l  t h i c k n e s s  of t h e  ce l l ,  a s  t h e  o t h e r s .  
Even tua l ly ,  t h e  l a m e l l a r  spacing f o r  t h e  i n t e r f a c e  was h a l f  
'hst f o r  t h e  f a s t e r  growth r a t e  of  0.53 micrometers p e r  second. 
There was, i n  a d d i t i o n ,  a d i f f e r e n c e  i n  morphology o f  t h e  
lamel lae .  I n s t e a d  o f  p l a n o - p a r a l l e l  l a n e l l a e  growing normal t o  
t h e  i n t e r f a c e ,  there was a g e n t l e  weaving back and f o r t h  o f  each 
of  t h e  minor phase lamel lae .  
Off -eu tec t i c  composi t ions could  s u p p o r t  coupled growth 
i f  t h e  compositions were n o t  excess ive  ...y hyper or hyyceutec t ic .  
I t  was d i f f i c u l t  t o  o b t a i n  a p l a n a r  i n t e r f a c e  made up o f  
lamellse f o r  hypoeu tec t i c  compositions. Fox example, an a l l o y  
con ta in ing  7.5 weight  pe rcen t  Hexachlauoetb.ane could  on ly  grow 
i n  a coupled manner i f  t h e  growth r a t e  w s s  high enough 
( R > 1  m i c r o m e t e r / ~ e c . ) ,  o the rwise  p l a n a r  s i n g l e  phase growth 
r e s u l t e d .  Hypereutec t ic  a l l o y s  up t o  11.5 weight  pe rcen t  
Hexachloroethane were r e a d i l y  grown i n  a  coupled manner wi thout  
a  v e l c o i t y  r e s t r i c t i o n .  
The a d d i t i o n  of smal l  amounts ctf impur i ty  (Azobenzene, 
Benzi l ,  Cyclohexanol, Succ;nonit: i le,  G i l  Red (Samples 1 6 ,  9 ,  
11, 15, 18 ,  19)  from 0.1 t o  0 . 3  weight  p e r c e n t  d i d  n o t  cause 
s i g n i f i c a n t  changes t o  t h e  e u t e c t i c  i n t e r f a c e  morphology when 
t h e  i n t e r f a c e  was grc.ln a s  a  p l a n a r  une. The a d d i t i o n  o f  t h e  
i m p u r i t i e s  d i d ,  however, i n c r e a s e  t h e  d i f f i c u l t y  of  x x i n t a i n i n g  
a p l a n a r  i n t e r f a c e  i n  t h e  presence  of  c o n s t i t u t i o n a l  undercooling.  
Lawer growth r a t e s  were always needed. Changes t o  t h e  morphology 
d i d  occur when c o n s t i t u t i o n a l  undsrcc>oling induced i n t e r f a c i a l  
breakdown occurred.  The r e j e c t i o n  of i m p u r i t i e s  was confirmed 
i n  two ways. The coloured  i m p u r i t i e s ,  Benz i l ,  Azobenzenu and 
O i l  Re? a l l  were observed to  c o l l e c t  a t  t h e  in te r fac t? ,  caus ing  
a  sha rp  band of co lour  t o  develop a t  t h e  i n t e r f a c e .  The 
S u c ~ i n o n i ~ r i l e  impur i ty  had such low s o l u b i l i t y  i n  t h e  s o l i d  
e u t e c t i c ,  t h a t  i t  was o b s e ~ v e d  t o  p r e c i p i t a t e  i 2 h e  ebtectic 
i n t e r f a c e .  Whec S u c c i n o n i t r i l e  was added t o  pure  C B r c  (sample 
S22)  Succinonitr i le  co l l e c t ed  i n  the l iqu id  a t  the  s i n g l e  phase 
interface  and precipi tated i n  the l iqu id  prior t o  being engulfed 
by the s o l i d .  The interfaces  both were o f  the  planar type as 
t h i s  phenomenon occurred. In addition,  there was no perceptible 
( l i f t . .rence  between these i n t x f a c e s  and those which were other- 
w i s e  pure. 
10.3 Resu l t s  of  Micrographic Analys is  
10.3.1 Solid-Liquid I n t e r f a c i a l  Free  Energy V a r i a t i o n  With 
C-mposition 
The r e s u l t s  compiled f o r  t h e  measurements o f  YaL and YsL vs. 
weight  p e r c e n t  Hexachloroethane, are presen ted  i n  Fig.  10.16. 
S e v e r a l  impor tant  p o i n t s  t h a t  r e l a t e  t o  t h i s  graph w i l l  be noted 
i n  t h i s  s e c t i o n ,  i n c l u d i n g  modif ica t ion  t o  t h e  a p p l i c a t i o n  of 
t h e  Glicksman and Nash method, a comparison wi th  t h e  Bol l ing  
and T i l l e r  a n a l y s i s ,  reasons  f o r  t h e  l i m i t e d  range o f  composition 
covered and ac e s t i m a t e  o f  t h e  accuracy of t h e  method. Changes 
i n  y of pure CBrh  due t o  t h e  a d d i t i o n  of  smal l  q u a n t i t i e s  of  SL 
v a r i o u s  o t h e r  o r g a n i c  m a t e r i a l s  a r e  a l s o  repor ted .  
During t h e  course  of  performing t h e  exper imenta l  
measurements, some l i m i t a t i o n s  of t h e  Glicksman and Nash method, 
as o u t l i n e d  e a r l i e r  i n  s e c t i o n  8 .2 .2 ,  became e v i d e n t  when t h e  
method w a s  a p p l i e d  t o  t h i s  exper imenta l  arrangement. One 
l i m i t a t i o n ,  which w i l l  be  d i scussed  l a t e r  i n  t h e  t h e s i s  ( s e c t i o n  
10.3.4 a n ~ l  i n  t h e  Appendix) was found when t h e  parameter  6>0.22. 
The second l i m i t a t i o n ,  which a p p l i e s  t o  t h i s  s e c t i o n ,  was found 
by exper isnce  and r e q u i r e s  t h a t  6>0.06. This  l i m i t ,  which a r i s e s  
from t h e  d i f f i c u l t y  o f  r ead ing  a computer-generated curve i n  t h e  
Glicksman and Nash paper  near one end of i t s  range ,  was impor tant  
when t h e  g r a i n  boundary groove spacings  became e x c e p t i o n a l l y  
l a r g e ,  a s  they  o f t e n  d i d .  It was d iscovered  t h a t  f o r  6c0.06, 
t h e  Bol l ing  and T i l l e r  type  a n a l y s i s  would g i v e  a n  e q u i v a l e n t  
answer. This  stems from t h e  f a c t  t h a t  t h e  B o l l i n g  and T i l l e r  
a n a l y s i s  assumes t h a t  t h e  groove under s tudy  is  i s o l a t e d  (such 
t h a t  f o r  Glicksman and Nash, 6+0).  
Under n e a r l y  a l l  c i rcumstances ,  t h e  g r a i n  boundary 
grooves observed w e r e  over  one hundred micrometers a p a r t .  For 
such spac ings ,  an imprecise  va lue  of y was given by s t r i c t l y  SL 
applying t h e  Glicksman and Nash method. A s y s t e m a t i c  and 
j u s t i f i a b l e  c o r r e c t i o n  was devised.  The s o l u t i o n  t o  t h e  problem 
w a s  found by applying t h e  Glicksman and Nash method t o  measure 
t h e  ySL from a h y p o t h e t i c a l  Bo l l iny  and T i l l e r  g r a i n  boundary 
groove, drawn wi th  p r e s e l e c t e d  va lues  f o r  ySL, G and ASf. 
When t h e  groove spac ing  (2X), requ i red  i n  t h e  Glicksman and Nash 
method, was s e l e c t e d  to  f a l l  i n  a p a r t i c u l a r  range,  t h e  
measurement was found t o  r e g e n e r a t e  t h e  p r e s e l e c t e d  va lue  o f  
i -SL t o  wi th in  an accuracy of  a few percent .  This  experiment 
no t  on ly  cross-checked t h e  methods b u t  showed how the convenient  
Glicksman and Nash method might be implemented i n  an amended 
form. From t h e  c a s e s  where t h e  exper imenta l  g r a i n  boundary 
groove spzcing was smal l  enough t o  apply t h e  unmodified 
Glicksman and Nash method, and from test  measurements with 
ccmputer genera ted  Bol l ing  and T i l l e r  shapes ,  a va lue  o f  spac ing  
( 2 X )  was ob ta ined  by t r i a l  and e r r o r  methods t h a t  could  be 
a p p l i e d  t o  a l l  measured d * ~ a i u e s  f o r  t h e  s p e c i a l  c a s e s  where 
6 ~ 0 . 0 6 .  A s i n g l e  va lue  of  6 was found ( 6  = 0.06) where t h e  
two methods would over lap .  
The f i r s t  s t e p  i n  f i n d i n g  t h e  v a l u e  o f  ySL was to 
compile t h e  measuremects o f  d from t h e  g r a i n  bo*mdary grooves 
which w e r e  formed i n  t h e  same (21. S°C/cm) tempera ture  g r a d i e n t .  
Th i s  p l a c e s  t h e  grooves on an e q u i v a l e n t  b a s i s  which w a s  o n l y  
p o s s i b l e  because of  t h e  common value  of  G used. These 
measurements are p l o t t e d  i n  Fig.  10.15. Over f i f t y  s e p a r a t e  
mcascrements w e r e  compiled i n  t h i s  f i g u r e .  The p l o t  shows 
g r a p h i c a l l y  t h e  observed i n c r e a s e  i n  groove dimensions (dl 
a s  t h e  concen t ra t ion  of  C z C 1 6  was inc reased .  The a p p l i c a t i o n  
of  t h e  s e l e c t e d  va lue  o f  6 t o  t h e  d a t a  pe rmi t t ed  t h e  c a l c v l a t i o n  
of t h e  ySL f o r  each p o i n t  and r e s u l t e d  i n  t h e  graph o f  ySL vs. 
composition p resen ted  i n  Fig.  10.16. 
Changes i n  ySL caused by adding an impur l ty  to  CBrr 
w e r e  t e s t e d  by making d i l u t e  a l l e y s  o f  CB'w w i t h  less than  one 
weight p e r c e n t  o f  va r ious  o t h e r  o r g a n i z  materials added. A l l  
a l l o y s  were observed wi th  t h e  same thermal g r a d i e n t s .  The 
measurements ob ta ined  frcm t h e s e  obst i t i o n s  w e r e  t r e a t e d  i n  
t h e  same manner a s  t h o s e  f o r  t h e  o t h e r  g r a i n  boundary grooves. 
The d measurements are p l o t t e d  i n  Fig .  10.15. The i n t e r f a c i a l  
e n e r g i e s  were c a l c u l a t e d  us ing  t h e  en t ropy  o f  fus ion  f o r  pure  
C B r c .  The chanqes i n  i n t e r f a c i a l  energy o f  t h e  ircpure CBrb  
can be seen from Fig. 10.15 by comparing t h e  va lues  o f  d.  
Note t h a t  some va lues  d i f f e r  cons ide rab ly  (and some n o t  a t  a l l )  
from t h a t  f o r  pure CBrc. A t a b l e  of  t h e  c a l c u l a t e d  i n t e r f a c i a l  
e n e r g i e s  is  g iven  i n  Tab le  10.2. 
Note t h a t  metastable s i n g l e  phase  grooves  c o u l d  be 
formed when t h e  a l l o y  compos i t ion  was s u f f i c i e n t l y  o f f - e u t e c t i c .  
Note as w e l l  t h a t  t h e  t e c h n i q u e  p r e s e n t s  ySL a t  t h e  f u s i o n  
t empera tu re  o f  t h e  a l l o y .  
The cell d e s i g n  and t h e  a p p a r a t u s  used  l i m i t e d  t h e  
ranqe  o f  a l l o y  compos i t ions  t h a t  cou ld  b e  s t u l i e d .  The h i g h e r  
t empera tu re s  r e q u i r e d  f o r  h i g h  Hexachloroethane c o n c e n t r a t i o n s  
caused r a p i d  ce l l  d e t e r i o r a t i o n .  Inc luded  i n  Fig.  16 a r e  d a t a  
p o i n t s  f o r  Hexachloroethane c o n c e n t r a t i o n s  a v e r  18  weight  
p e r c e n t .  These specimens w e r e  n o t  p repa red  by t h e  a u t h o r ,  and 
a l l  w e r e  e q u i l i b r a t e d  i n  s t e e p e r  t empera tu re  g r a d i e n t s  (46 t o  
77OC/cm). The a l l o y  compos i t ions  s t u d i e d  w e r e  l i m i t e d  t o  less 
than  f o r t y  weight  p e r c e n t  C 2 C l 6 .  
A f t e r  summing t h e  i n d i v i d u a l  c o n t r i b u t i o n s  t o  t h e  
e r r o r  o f  t h e  methoa of measurement, a n  e s t i m a t e  o f  t h e  accu racy  
o f  t h e  measurement method was set  a t  p l u s  or minus twenty 
p e r c e n t ,  w h i l e  t h e  p r e c i z i o n  o f  each  measurement is  ~ o o d  to  
w i t h i n  less t h a n  p l u s  o r  minus t e n  p e r c e n t  i n  t h e  worst c a s e .  
d vs Concentration Hexachloroethane 
Conc. Hexachloroethane (w/O) 
1. 0.27 W/O Camphene in Carbon Tetrabromide, 2. 0.36W/O Cyclohexane 
3. 0.518 W/O Azobenzene, 4 .  0.009 W/O Azobenzene, 6. 0.334 Succinonitrile 
5. 0.6 W/O Hexachloroethane, 7. d measured from 





































































































Table 10.2 Solid-Liquid Interfacial Energy 
of Impure Carbon Tetrabromide 
d 
( ~ m )  Alloy Composition Y, ( w / m 2 )  
3.703 S22 0.334 w/o Succinonitrile 5.75 
(1 pt) 
4.569 S23 0.3613 w/o Cyclohexanol 8.83 
( 8  pts) 
5.273 S24 0.2774 w/o Camphene 11.78 
(7 meas) 
4.443 S16 0.5168 w/o Azobenzene 8.29 
( 8  meas) 
3.883 S11 0.009 w/o Azobenzene 6.36 
(4 meas) 
3.74 S20 0.315 w/o Hexachloroethane (for comparison) 
(2 meas) 6.1 

From a l o g  X vs. l o g  R p l o t ,  the  ca lcu la ted  s l o p e  was 
-0.473.  This value comes very close to t h e  accepted value of 
-0.5. 
Irregular  lamellae such a s  those  with  l o w  energy phase 
boundaries were omitted from the  measurements. Two i n t e r f a c e s  
used f o r  the  measurements are found i n  F ig .  10.12.  
F i g .  10.17 
Lamellar Spacing vs l l s q r  R 
10.3.3 Measurement o f  YaB and t h e  Torque of t h e  a-0 Phase 
Boundary 
Mezsurement o f  ya B: 
Measurement o f  t h e  d i h e d r a l  a n g l e s  which are deve loped  
a t  t h e  e u t e c t i c  t r i j u n c t i o n s ,  as i n d i c a t e d  i n  F i g u r e  10.18, 
p e r m i t s  c a l c u l a t i o n s  o f  t h e  s o l i d  phase  b o u n r i r y  i n t e r f a c i a l  f r e e  
energy  from t h e  t w o  s o l i d - l i q u i d  i n t e r f a c i a l  e n e r g i e s ,  u s i n g  t h e  
r e l a t i o n s h i p :  
- 
' a ~  all 
c o s  A + y cos B B L  [ 6 3 1  
where t h e  terms are as d e f i n e d  p r e v i o u s l y  (see Fig .  10.18) . The 
measured v a l u e s  for Y , ~  and yBL are 8 and 10 mJ/m2, p l u s  or  
minus 2.0 m J / m 2 ,  r e s p e c t i v e l y .  These v a l u e s  are assumed t o  h o l d  
for e v e r y  e u t e c t i c  t r i j u n c t i u n .  
The measurement o f  t h e  y relies on t h e  knowledge t h a t  
aB 
t h e  yaL and yBL are i s o t r o p i c .  Only w i t h  t h i s  knowledge, c a n  t h e  
e q u a t i o n  above be used w i t h  con f idence .  
Measurement o f  I n t e r c a c i a l  Torque: 
E q u i l i b r i u m  o f  t h e  f o r c e  b a l a n c e  w a s  assumed b o t h  f o r  
t h e  case i n  which t h e  i n t e r f a c e  was growing and f o r  z e r o  v e l o c i t y  
t r i j u n c t i o n s .  The t w o  a n g l e s ,  A and B i n  F ig .  10.18,  measured 
from bo th  growing and s t a t i o n a r y  i n t e r f a c e s ,  c l u s t e r  a round one  
p a i r  o f  v a l u e s  when t y p i c a l  h i g h  ene rgy  i n t e r f a c e  b 3 u n d a r i e s  
a r e  cons ide red .  The a n g l e s  measured a r e  l i s t e d  i n  Tab le  10.3.  
With t h e  a n g l e s  and i n t e r f a c i a l  e n e r y i e r  p r e s e n t e d ,  an  uq reso lved  
f o r c e  component needs  t o  b e  t a k e n  i n t o  accoun t  even  f o r  t h e  
h i g h  ene rgy  phase  bounda r i e s  (see Pig .  10.18a). T h i s  w i l l  be 
shown t o  be  due t o  t h e  t o r q u e  a s s o c i a t e d  w i t h  t h e  a-B i n t e r f a c e .  
Low energy  o r  " s p e c i a l "  ' n t e r p h a s e  bounda r i e s  were a l s o  
observed  (see F igs .  10.11 and 10 .12 ) .  These bounda r i e s  can  
i n t e r s e c t  t h e  s o l i d - s o l i d  i n t e r f a c e  w i t h  l i t t l e  o r  no v i s i b l e  
cusp ing .  To accomplish t h i s ,  o t h e r  f o r c e s  a r e  needed t o  
c o u n t e r a c t  t h e  a s y m e t r i c a l  ySL of  t h e  two phases .  Again t h i s  
f o r c e  is  due t o  a  s i g n i f i c a n t  i n t e r f a c i a l  a-B t o r q u e  term. 
(See Table 10.3)  
A b r i e f  d i s c u s s i o n  on t h e  n a t u r e  o f  i n t e r f a c i a l  t o r q u e s  
i s  p r e s e n t e d  below. 
When t w o  c r y s t a l l i n e  phases  a r e  assembled t o  form a 
s i n g l e ,  common i n t e r f a c e ,  t h e  r e l a t i v e  o r i e n t a t i o n s  o f  t h e  
c r y s t a l s  and t h e  o r i e n t a t i o n  o f  t h e  i n t e r f a c i a l  p l a n e  between 
t h e  c r y s t a l s  a r e  d e f i n e d  by f i v e  pa rame te r s  ( f i v e  d e g r e e s  o f  
f reedom).  The m i s o r i e n t a t i o n  between t h e  c r y s t a l s  a c c o u n t s  f o r  
t h r e e  d e g r e e s  o f  freedom and t h e  o r i e n t a t i o n  o f  t h e  phase  
boundary p l a n e  f o r  t h e  remaining t w o  d e g r e e s  o f  freedom. I n t e r -  
f a c i a l  a n i s o t r o p y  i s  t h e  v a r i a t i o n  o f  y w i t h  t h e  o r i e n t a t i o n  o f  
t h e  boundary a t  c o n s t a n t  m i s o r i e n t a t i o n  between t h e  phases .  I f  
t h e r e  is  no v a r i a t i o n  of  i n t e r f a c i a l  ene rgy  w i t h  t h e  o r i e n t a t i o n  
o f  t h e  boundary p l a n e ,  t h e n  t h e  i n t e r f a c e  is s a i d  t o  be i s o t r o p i c .  
I n t e r f a c i a l  energy  does  n o t  depend on o r i e n t a t i o n  f o r  i s o t r o p i c  
i n t e r f a c e s ;  f o r  such i n t e r f a c e s  t h e  y - p l o t  ( t h e  p o l a r  d iagram o f  
Y as a  f u n c t i o n  o f  i n t e r f a c i a l  o r i e n t a t i o n ,  6 )  i s  s p h e r i c a l .  
A t  any p a r t i c u l a r  o r i e n t a t i o n  t h e  t o r q u e  i s  e q u a l  t o  t h e  l o c a l  
s l o p e  of  t h e  y-p lo t ,  dy/d0, which f o r  i s o t r o p i c  i n t e r f a c e s  i s  
zero .  When i n t e r f a c i a l  energy  is a n i s o t r o p i c ,  t h e  y-p lo t  is  no  
l o n g e r  s p h e r i c a l  and i n  g e n e r a l  t h e  t o r a ~ e s  a r e  n o t  e q u a l  t o  
zero .  One would e x p e c t  low-energy or  s p e c i a l  bounda r i e s  t o  be 
s i t u a t e d  a t  a  cusp  on a non- sphe r i ca l  y -p lo t  and such  cases 
t h e  i n t e r f a c i a l  t o r q u e  can  be though t  o f  a s  a  f o r c e  which 
resists r o t a t i o n  o f  t h e  i n t e r f a c e  from i t s  p r e f e r r e d  low-energy 
o r i e n t a t i o n .  For  b o u ~ d a r i e s  which are n o t  i n  t . 3  cusp  
o r i e n t a t i o n  on t h e  o t h e r  hand, t h e  t o r q u e  a c t s  s o  a s  t c  r o t a t e  
t h e  hounzary toward t h e  p i a n e  o f  lowest Y .  Torques have been 
e x p e r i m e n t a l l y  observed  t o  a c t  on twin  and g r a i n  bounda r i e s  
[88-901. Very l i t t l e  is  known abou t  t o r q u e s  a t  i n t e r p h a s e  
boundar ies  [ g l ]  . T o  d a t e ,  t h e  method o f  t o r q u e  measurement 
p r e s e n t e d  i n  t h i s  t h e s i s  i s  t h e  f i r s t  o f  i t s  k ind .  
The cqnvent ion  f o r  e x p r e s s i n g  i n t e r f a c i a l  e n e r g i e s  anc. 
t o r q u e s  i n  t h i s  thesis Follows t h a t  deve loped  by C.  He r r ing  
[66, 631. A more r e c e n t  t r e a t m e n t  would be t h a t  fo l lowed by 
Cahn and il~bffman [67 ,  681 u s i n g  v e c t o r  thermodynamics. T h i s  
t r e a t m e n t  reduced t o  t h a t  of  Her r ing  under  t h e  c o n d i t i o n s  
c i t e d  h e r e .  The e x p r e s s i o n  Her r ing  d e r i v e d  w h ~ c ~ i  describes 
t h e  e q u i l i b r i u m  geometry o f  t h e  i n t e r f a c i a l  j u n c t i o n  is: 
3 
? y  . ( p l e a s e  r e f e r  to  C ( y . v . +  --l) = 0 F i g .  10.18b) 
1 1 a~ i=l i 
where : 
Yi is t h e  i n t e r f a c i a l  f r e e  energy  
'i unit. v e c t o r  i n  t h e  i n ~ e r f a c e  p l a n e ,  normal to t h e  l i r ~ e  
of i n t e r s e c t i o n  ( i n  t h r e e  d imens ions)  
T .  i n t e r f a c i a l  t o r q u e  v e c t o r .  
1 
7 a ~  and yBL have been e x p e r i m e n t a l l y  shown t o  b e  
i s o t r o p i c  s o  t h a t  no t o r q u e s  a c t  or t h e  s f ~ l i d - l i q u i d  i n t e r -  
f a c e s .  (see S e c t i o n  10.2.9) However, s i n c e  a f u l l  vec t . o r i a1  
b a l a n c e  o f  f o r c e s  a t  t h e  t r i j u n c t i o n  was n o t  p o s s i b l e  w i t h  o n l y  
Y terms, a  r e s i d u a l  f o r c e  must e x i s t  and t h i s  would have t o  
be ,  by i n s p e c t i o n  (Fig. 10.18b) , t h e  ou t -of -p lane  v e c t o r :  Ti 
i n  t h e  diagram. The m-gn i tude  o f  t h i s  v e c t o r  may b e  c a l c u l a t e d  
by r e s o l v i n g  t h e  i n t e r f a c i a l  t e n s i o n s  o n t o  t h e  a x i s  normal t o  
t h e  i n t e r p h a s e  i n t e r f a c i a l  p l a n e .  T h i s  imaginary  a x i s  i s  t h e  
d i r e c t i o n  v e c t o r  t h a t  c o n t a i n s  t h e  t o r q u e .  Thus, t h e  h o r i z o n t a l  
components o f  t h e  s o l i d - l i q u i d  s u r f a c e  t e n s i o n s  are ba l anced  by 
t h e  t o r q u e  of t h e  i n t e r p h a s e  boundary,  which acts normal t o  -he 
boundary p l ane .  Note t h a t  i n t e r f n c , i d ~  t o r q u e  does  n o t  a l t e r  
t h e  Y a b  c a i c u l a t i o n s  u s i n g  t h e  e q u a t i o n ,  s i n c e  t h e  o n l y  dY/% 
term which a c t s  i n  t h i s  sys tem is  p e r p e n d i c u l a r  t c  t h e  d i r e c t i o n  
of t h e  Y,$ f o r c e .  
The  magnitude 05 t h i s  t o r q u e  must b e  h i g 5 e r  a t  t h e  
t r i j u n c t i o n s  formed w i t h  s p e c ~ a l  i n t e r p h a s e  bounda r i e s  because  
t h e  d i h e d r a l  a n g l e s  are s h a l l o w e r  ( l a r g e r ) .  
C a l c u l a t i o n s  and Data: nt x t  page 
Table 10.3 lists the d a t a  and r e s u l t s  o f  c a l c u l a t i o n s  
f o r  t h e  measurement o f  YaB and t h e  phase boundary tcrque .  The 
r e s u l t s  show t h e  c a l c u l a t i o n s  tor h igh energy i n t e r p h a s e  
' - ~ u n d a r i e s  s e p a r a t e l y  from those  f o r  s p e c i a l  boundaries .  For  
arlgles t:, c o u r ; t c r e ~ ,  im.l us ing t h e  me? sured valut : fc. : Y 
a; 
and Y 6L, t h c  maximum u n c e r t a i n t y  i n  t h e  ind iv id l i a l  xeasurements 
- 
c i  YaS would be p l u s  or minus 4.0 ~ r n - ~  g i v e 1  t h a t  t h e r e  is 
( a t  most) a two degree u n c e r t a i n t y  i n  each ang le  mezsurement. 
The maximum u n c e r t a i n t y  i n  t h e  to rque  va lues  quoted is p l u s  or 
- 2  
minus 1 . 4  mJm ob ta ined  from t h e  u n c e r t a i n t y  of  sach s ~ l i d -  
l i q u i d  i n t e r f a c i a l  f r e e  energy measurement. These l i m i t s  apply 
t o  the  =L :acy of  t h e  i n d i v i d u a l  measurements. The 
r e p r o d u c i b i l i t y  c f  t h e  measuremerts w a s  p l u s  or minus 3.6 m ~ m - ~  














In This Application: 



































































































































































































10..3.4 I n t e r f a c i a l  F ree  Energies  o f  t h e  Lamellar Phases Agains t  
Liquid as Measured From t h e  E u t e c t i c  I n t e r f a c e  
The morphology o f  t h i s  o r g a n i c  e u t e c t i c  r e q u i r e s  t h e  
use  of t w o  d i f f e r e n t  methods t o  measure t h e  s o l i d - l i q u i d  i n t e r -  
f a c i a l  e n e r g i e s  o f  t h e  two phases d i r e c t l y  from t h e  i n t e r f a c e .  
The method used to  measure t h e  ySL f o r  che major (a) phase is 
t h e  Glicksman and Nash g r a i n  boundary groove technique .  An 
a n a l y s i s  developed s p e c i a l l y  f o r  t h i s  e u t e c t i c  system by t h e  
au thor  f o r  t h e  measurement o f  the  ySL of  t h e  minor ( 0 )  phase 
is a l s o  desc r ibed  later. Ne i the r  method should be a p p l i e d  t o  
a growing e u t e c t i c  i n t e r f a c e  because t h e r e  a r e  c o n t r i b u t i o n s  
t o  t h e  i n t e r f a c i a l  u n d e r c o o l i n j  from o t h e r  causes .  Therefore ,  
t h e  b e s t  i n t e r f a c e  t o  use  f a r  measurement of  t h e  i n t e r f a c i a l  
e n e r g i e s  i s  a  ze ro  v e l a c i t y  e u t e c t i c  i n t e r f a c e  a s  d e s c r i b e d  i n  
s e c t i o n  9 . 2 ,  where t h e  major phase has  a wide reg ion  q f  z e r o  
curva tu re .  Such an i n t e r f a c e  is shown i n  Fig.  10.19. One can 
o b t a i n  t h e  i n t e r f a c e  temperature f o r  such an i n t e r f a c e  where 
t h e  curva tu re  is  z e r o  a t  some p o i n t .  
The s c l i d - l i q u i d  i n t e r f a c e  o f  each phase i n  t h e  
e u t e c t i c  was t r e a t e d  s e p a r a t e l y ,  a s  a  p o r t i o n  of  a g r a i n  boundary 
groove (where t h e  o t h e r  p o r t i o n  would have been of  t h e  same 
composi t ion) .  The d i f f e r e n c e  between a h igh energy a-B phase 
boundary and a  random, h igh angle  g r a i n  boundary, ~~~~~~~~:: f o r  
t h i s  purpose, t o  a d i f f e r e n c e  of  i n t e r f a c i a l  e n e r g i e s .  The 
response t o  t h i s  d i f f e r e n c e  would be an ang le  change to balance  
the i n t e r f a c i a l  fo rces .  Other  than t h i s  a n g l e  change at the 
base  of t h e  cusp, t h e  o v e r a l l  s o l i d - l i q u i d  i n t e r f a c e  shape 
would n o t  be a f f e c t e d  by r e p l a c i n g  a random, h igh energy < r a i n  
bolmdary by a  random, high energy a-B phase boundary. T h i s  i~ 
impor tant  because t h e  shape is used to  measure t h e  ySL. 
I t  was p o s s i b l e  t o  develop a region of  ze ro  c u r v a t u r e  
on t h e  s o l i d - l i q u i d  i n t e r f a c e  o f  t h e  major phase. This  r eg ion  
i d e n t i f i e d  t h e  e u t e c t i c  isotherm. The c u r v a t u r e  a t  t h e  cusp 
could t h e r e f o r e  be measured wi th  t h e  Glicksman and Nash method, 
and t h e  i n t e r z a c i a l  energy c a l c u l a t e d .  The groove spac ing  was 
taken a s  t h e  u-t? phase boundary spacing f o r  one l amel la .  
Under t h e s e  c i rcumstances ,  where a  r eg ion  of  ze ro  
curva tu re  was a v a i l a b l e ,  t h e  i n t e r f a c e  contour  matches t h a t  
f o r  zn e q u i v a l e n t  g r a i n  boun$<-ry groove i n t e r f a c e .  To i l l u s t r a t e  
t h i s  p o i n t ,  an i n t e r f a c e  p r o - - l e  was drawn u s i n g  B o l l i n g  and 
T i l l e r ' s  equa t ion  f o r  t h e  g r a i n  boundary groove shape on t h e  
Figure 10.19 us ing  t h e  measured i n t e r f a c i a l  energy and 
composition d a t a .  Some e u t e c t i c  i n t e r f a c e  measurements of t h e  
a l amel la  s o l i d - l i q u i d  i n t e r f a c e  a r e  p resen ted  t o g e t h e r  wi th  
t h e  g r a i n  bo1:ndary groove d a t a  i n  Figure  10.15 f o r  
compariso!-. t o  t h e  s e p a r a t e  measurerents  of y of s i n g l e  phase SL 
a l l o y s .  
Measurement of t h e  minor phase s o l i d - l i q u l d  i n t e r -  
f a c i a l  energy us ing  t h e  Glicksman and Nash method was n o t  
p o s s i ) > l e  f o r  t h i s  e u t e c t i c ,  f o r  t h e  fo l lowing two reasons .  
F i r s t ,  t h e r e  u s u a l l y  was no reg ion  on t h e  i n t e r f a c e  o f  t h e  
minor phase where t h e r e  was ze ro  curvdzure. Th i s  makes 
de terminat ion  of t h e  l o c a t i o n  o f  e q u i l i b r i u m  i so the rm l i n e  
uncer ta in .  Second, t h e  Glicksman and Nash method is  n o t  
usab le  f o r  t h e  boundary spac ings  a s  smal l  a s  t h e  width of  t h e  
minor phase lamellae. The va lue  of  d (see Fig.  8 .4  f o r  
d e f i n i t i o n )  measured f o r  t h e  minor phase (us ing  neighbouring 
minor phase lamellae t i p s  t o  o u t l i n e  t h e  i so therm)  was o f  t h e  
same o r d e r  of magnitude as t h e  boundary spac ing  6 = d/X-1. 
This  p l a c e s  t h e  va lue  of  6 o u t s i d e  t h e  range where t h e  
Glicksman and Nash method could  be app l i ed .  
From t h e  a u t h o r ' s  exper ience  and from calcu?.ations 
made wi th  va r ious  combinations o f  parameters ,  t h e  u s e f u l  range 
of 6 f o r  t h e  Glicksa!sn and Nash method i s  0.06<6<0.22.  The 
fo l lowing w i l l  d e a l  w i t h  t h e  lower l i m i t  only.  I t  i s  u n l i k e l y  
t h a t  t h e  lower l i m i t  w i l l  be exceeded when t h e  Glicksman and 
Nash method i s  a p p l i e d  t o  e q u i l i b r a t e d  g r a i n  boundary grz1:ves. 
I f  a p a i r  of g r a i n  boundaries  were s o  close tc one ano the r  
t h a t  6'0.06, - then ,  under normal c i rcumstances ,  t h e  boundaries  
u n i t e  by l a t e r a l  migra t ion  t o  form one g r a i n  boundary groove. 
Such grain boundary migra t ion  has  been observed i n  t h e  o r g a n i c  
a l loh  ; tudied.  The migra t ing  boundary does n o t  remain normal 
t o  t h e  i n t e r f a c e ,  and t h u s  shoul2  no t  be measured. On t h e  
o t h e r  hand, t h e  phase boundaries  p r e s e n t  i n  t h e  e u t e c t i c ,  
b h i l e  normal t o  t h e  i n t e r f a c e ,  cannot  migra te ,  s o  t h a t  t h e  
small groove s p a c i n g s  f o r  t h e  minor phase  are s t a b l e .  T. . a f o r e  
t h e  Glicksman and Nash method canno t  b e  a p p l i e d  t o  t h e  m' i n o r  
phase.  
From o b s e r v a t i o n s  o f  i n t e r f a c e  p r o f i l e s  when g r a i n  
boundary grooves come close t o  one  a n o r h e r ,  such  a s  j u s t  p r i o r  
t o  merging, l t  i s  seen  t h a t  t h e  shape  o f  t h e  s o l i d - l i q u i d  
i n t z r F a c e  a;rroaches an a r c  o f  a circle between t h e  bounda r i e s .  
Examination o f  t h e  i n t e r f a c e s  o f  t h e  minor phase  i n  t h e  e u t e c t i c  
showed t h i s  was o f t e n  t h e  c a s e  a s  can  be seen  i n  F ig .  10.19.  
Also ,  a s  t h e  i a m e l l a r  w id th  d e c r e a s e s ,  t h e  r a d i u s  o f  c u r v a t u r e  
o f  t h e  s o l i d - l i q u i d  i n t e r f a c e  d e c r e a s e s  a c c o r d i n g l y .  A t  a 
g iven  i n t e r f a c e ,  whether  growing o r  n o t ,  t h e r e  w a s  a l s o  observed  
a v a r i a t i o n  o f  tlle degl  !e o f  d e p r e s s i o n  o f  t h e  minor phase  w i t b  
r e s p e c t  t o  t h e  i i ~ ~ d ~ i n a r y  l i n e  formed by t h e  a lamellae t i p s .  
The v a r i a t i o n  depended upon t h e  l a m e l l a r  wid th .  A s  t h e  l a m e l l a r  
~ i d t h  l e s s e n e d ,  t h e  6 phase s o l i d - l i q u i d  i n t e r f a c e  became more 
dep res sed .  
The o b s e r v a t i o n s  r e p o r t e d  above a r e  i n  acco rd  w i t h  
t h e  Gibbs-Tllomson r e l a t i o n  ( s e c t i o n  8 . 1 . 2 )  s i n c e  i n t e r f a c e s  
w i t h  a g r e a t e r  c u r v a t u r e  w e r e  e q u i l i b r a t e d  a t  lower  t empera tu re s .  
An a t t e m p t  was made t o  estimate t h e  i n t e r f a c i a l  ene rgy  based  on 
t h e s e  o b s e r v a t i o n s  by a p p l y i n g  t h e  Gibbs-Thomson r e l a t i o n  and 
knowledge of t h e  t empera tu re  g r a d i e n t .  The r a d i u s  o f  c u r v a t u r z  
f o r  each  l a m e l l a  was assumed t o  be t h e  h a l f  wid th  of t h a t  
l a m e l l a .  
R:GINAI: PAGE IS 
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T h e o r e t i c a l l y ,  a s i n g l e  measurement o f  t h e  phase  
d e p r e s s i o n  and t h e  co r r e spond ing  lamellar wid th  a s  w e l l  as 
knowledge of  t h e  t empera tu re  g r a d i e n t ,  i s  a l l  t h a t  is  needed 
t o  measure yBL, as l o n g  as t h e  i n t e r f a c e  i s  s t a t i o n a r y .  One 
can then  o b t a i n  knowledge o f  t h e  p o s i t i o n  o f  TE where t h e  
i n t e r f a c e  h a s  z e r o  c u r v a t u r e .  I f  t h e  i n t e r f a c e  is growing, 
however, some o t h e r  means o f  measuring t h e  unde rcoo l ing  (f rom 
TE) which caused  t h e  d e p r e s s i o n ,  is  r e q u i r e d .  T h i s  i s  because  
t h e  p o s i t i o n  af T i s  i n d e t e r m i n a t e  and t h e r e  a r e  u n q u a n t i f i e d  E 
c o n t r i b u t i o n s  t o  t h e  i n t e r f a c e  undercool ing .  
An a l t e r n a t e  approach w a s  found which a l l e v i a t e s  t h e  
l a t t e r  problem. Advantage was t aken  o f  a e u t e c t i c  sys tem 
p r o p e r t y .  There  i s  a small, measurab le  v a r i a t i o n  i n  t h e  lamellar 
wid ths  a c r o s s  an i n t e r f a c e .  With a change i n  t h e  B phase 
l a m e l l a r  w i d t h ,  it was observed  t h a t  a co r r e spond ing  change i n  
t h e  deg ree  of d e p r e s s i o n  o c c u r r e d  as  w e l l .  See  F ig .  10.19. I t  
was obse rved ,  a s  w e l l ,  t h a t  when one p l o t s  t h e s e  neasurements ,  
one a g a i n s t  t h e  o t h e r ,  a l i n e a r  r e l a t i o n s h i p  deve lops .  A p l o t  
such a s  t h i s  is p r e s e n t e d  i n  F ig .  10 .23  where t h e  d e p r e s s i o n  
d i s t a n c e  was conve r t ed  to  a r e l a t i v e  u n d e r c o ~ l i n g  and c u r v a t u r e  
was c a l c u l a t e d  by d i v i d i n g  two w i t h  t h e  l a m e l l a r  wid th  or ,  
a l t e r n a t i v e l y :  K = l/SB. The d a t a  f o r  t h e  p l o t  were o b t a i n e d  
from t h r e e  micrographs  o f  a z e r o  v e l o c i t y  e u t e c t i c  i n t e r f a c e  
( l i k e  t n e  one i n  F ig .  1 0 . 1 9 ) .  The s l o p e  of  t h i s  p l c t  i s  
rii = dT/c. (See F i q .  10.20) The Gibbs-Thomson r . a t i o n  was 
Minor Phase Undercooling vs Curvature 
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r e a r r a n g e d  s o  t h a t  a s l o p e  c o u l d  b e  used t o  o b t a i n  ysL: 
AT Y B L  = -  AS^ = m  AS^ 
K 
The e q u a t i o n  o f  t h e  l i n e  shown i n  F ig .  10.20 and 
t h a t  of a n o t h e r ,  where t h e  i n t e r f a c e  was growing i s  g iven  i n  
t h e  Appendix. Choosing t h e  v a l u e  o f  77,000 ~/rn'deg.K f o r  t h e  
e n t r o p y  o f  f u s i o n  y i e l d s  an i n t e r f a c i a l  energy  o f  4.5 mJ/m2 
f o r  t h e  z e r o  v e l o c i t y  i n t e r f a c e  and a  v a l u e  o f  1.1 m1/m2 f o r  
t h e  i n t e r f a c e  which was growing a t  0 .529 micrometers/sec. 
The q u a l i t y  of  t h e  r ,sasurement  d ~ p e n d s  on t h e  s t r e n g t h  
c f  t h e  assumption of c i r c u l a r  a r c s  f o r  t h e  minor phase  s o l i d -  
l i q u i d  i n t e r f a c e s .  No t i ce  t h a t  on ly  a  ~ e l a t i v e  unde rcoo l ing  i s  
s u f f i c i e n t  when ~ n o w l e d g e  o f  t h e  v a r i a t i o n  o f  t h e  1amelJ.ar 
w id ths  i s  o b t a i n e d .  The a b s o l u t e  unde rcoo l ing  is  n o t ,  t h e r e f o r e ,  
r e q u i r e d .  
10.3.5 R e s u l t s  from Thermocouple C e l l s  
A grcup of  o b s e r v a t i o n s  was made w i t h  t h e  ther.:aocouple 
cells. One o b s e r v a t i o n  i s  t h e  d i scovery  t h a t  t h e  e u t e c t i c  s o l i d  
and melt have l ieer ly  t h e  same thermal  c o n d u c t i v i t y .  Degradat ion 
o f  t h e  o r g a n i c  a l l o y  wi th  t i m e  was monitored from t h e  f r e e z i n g  
tempera ture  of t h e  a l l o y  w i t h  t ime.  F i n a l l y ,  t h e  r e s u l t s  from 
t h e  a t t e m p t  t~ measure i n t e r f a c i a l  undercool ing  a r e  p resen ted .  
The o b s e r v a t i o n s  i n d i c a t e d  t h r  t t h e  tharmal  response  
of t h e  in t ,? r face  was a c c u r a t e l y  recordod.  The f i n e  w i r e  
thern~ocouples  used d i d  n o t  v i s i b l y  altes t lc  h e a t  f low i n  t h e  
sur rounding  o r g a n i c .  Th i s  was observed by n o t i n g  t h a t  t h e  shape 
o r  t h e  s o l i d - l i q u i d  i n t e r f a c e  was n o t  a . f f ec t ed  by t h e  presence  
o f  t h e  t h e r m ~ c o u p l e  w i r e .  i n  a d d i t i o n ,  t h e  t r a n s i t  o f  t h e  
i n t c r f a c e  ove r  t h e  thermocoup:e bead bias e a s i l y  observed ani? 
t h e  i n t e r f a c e  was, a g a i n ,  n o t  a f f e c t e d  by t h e  t l ?e rmoco~p le .  
A'lso, by u s i n g  t r a n s p a r e n t  o r g a a i c s  one can c n n f i g e n t l y  know 
t h a t  t h e  tempera ture  recorded  is t h a t  3f t h e  i n t e ~ f a c ~ .  
There was no v t . s i b i e  change i n  tile s l o p e  of  t h e  
tempera ture  vs .  t i m e  t r a c e  ( f o r  any g r o . ~ t n  r a t e )  a s  t h e  i n t e r -  
f a c e  I:as passed  o v e r  t h e  thermocouple bead. Th i s  shows t h a t  
t h e  thermal  condu~: i ; iv~ty  o f  t h e  e u c e c t i c  s o l i d  i s  t h e  sa1.e as 
t h e  l i q u i d .  
The thermal  re;. >rise df  t h e  or ga-i.ic m a t e r i a l  ( t o  
thermal  t r a n s i e n t s )  i n  t h e  c e l l  was of.servs2 us ing  t h e s e  
thermocouple cells. 
When t h e  cel l  v e l o c i t y  w a s  a b r u p t l y  changed, t h e  
immediate thermocc-.~ple response  as observed on t h e  temperature-  
t ime c h a r t s ,  proved t h a t  t h e r e  w a s  l i t t l e  or no  thermal  l a g  
w i t h i n  t h e  c e l l .  Consequently,  f o r  t h e  v e l o c i t i e s  o f  t h e  i n t e r -  
f w e  encouctered  exper imen ta l ly ,  t h e  i n t e r f a c e  tempera ture  t h a t  
.. Lj meas<: 3 w a s  a t  a l l  times dependent on t h e  i n t e r f a c e  
cc-'i.,osition o r ,  a l t e r n a t i v e l y ,  t h e  o r g a n i c  has  t h e  same thermal  
q r a d i e n t  impressed uoon it a s  t h e  sur roundings .  Thermal l a g  
w a s  d e t e c t e d  a t  v e l o c i t i e s  h i g h e r  t h a n  approximate ly  t e n  
micrometers p e r  second. 
The a t t empt  t o  measure t h e  undercool ing  o f  t h e  growing 
i n t e r f a c e  was n o t  s u c c e s s f u l .  I n s t e a d ,  a v a r i a t i o n  of  i n t e r f a c e  
tempera ture  w i t h  t i m e  w a s  found. Repeated p a s s e s  o f  t h e  i n t e r -  
f a c e  over  t h e  thermocouple r e s u l t e d  i n  con t inuous ly  descending 
i n t e r f a c e  tempera tures .  Over a  p e r i o d  o f  f o u r  hours ,  w i t h  
r epea ted  growing and me l t ing ,  t h e  i n t e r f a c e  t empera tu re  would 
d r s p  over  1 .3  degrees  C e l s i u s .  T h i s  e f f e c t  w a s  confirmed by 
f i n d i n g  t h e  i n t e r f a c e  p o s i t i o n  r e l a t i v e  t o  t h e  a p p a r a t u s  when 
t h e  thermocouple bead c o n t a c t e d  i t .  T h i s  w a s  done by coun t ing  
t h e  motor r e v o l u t i o n s  d u r i n g  growth ( u s i n g  t h e  mounted d i g i t a l  
c o u n t e r )  and then aga in  d b r i n g  t h e  r e t u r n  (me l t ing  back) o f  
t h e  c e l l  t o  p r e p a r e  t h e  i n t e r f a c e  f o r  ano the r  pass .  From 
knowledge of p o s i t i o n  o n l y ,  t h e  i n t e r f a c e  t empera tu re  w a s  known 
t o  s0.15OC f o r  s e v e r a l  consecu t ive  runs .  From t h e  knowledge 
of t h e  number o f  motor r e v o l u t i o n s ,  t h e  p o s i t i o n  t h e  -11 moved 
was c a l c u l a t e d .  The e x a c t  l o c a t i o n  (540 micrometers) of t h e  
thermocouple is t h e r e f o r e  known j u s t  a s  t h e  i n t e r f a c e  passes  
over  it. The p o s i t i o n  w a s  noted on each f r e e z i n g  c y c l  o f  
t h e  i n t e r f a c e .  The p o s i t i ~ n  o f  t h e  i n t e r f a c e  (when it con tac ted  
t h e  bead on each c y c l e )  p r o g r e s s i v e l y  moved t o  t h e  cooler reg ions  
of t h e  appara tus .  The i n t e r f a c e  tempera ture  change a f t e r  several 
c y c l e s  w a s  c a l c u l a t e d  from t h e  p o s i t i o n  and coincided wi th  t h e  
temperature change measured by t h e  thermocouple. The on ly  
exp lana t ion  f o r  t h i s  behaviour,  is t h a t  t h e  o r g a n i c  i t s e l f  w a s  
becoming impure wi th  t i m e .  This  could  be due t o  t h e  extended i 
i 
per iod  t h e  cell  w a s  h e l d  a t  high tempera tures  and t h e  c a t a l y t i c  
e f f e c t  of  t h e  ba re  thermocouple upon t h e  breakdown o f  t h e  
organic .  
One cel l  was cycled  repea ted ly  u n t i l  t h e  growing 
i n t e r f a c e  temperature was c o n s t a n t  (bd t  n o t  r e p r e s e n t a t i v e  o f  
pure e u t e c t i c ) .  A few nore  c y c l e s  a t  v a r i o u s  growth rates 
(from 1.3  to  5.3 micrometers p e r  second) showed no v a r i a t i o n  of  
i n t e r f a c e  temperature wi th  growth rate to  wi th in  tO.OS°C. The i 
consequence cf t h e s e  measurements is  t h a t  t h e  i n t e r f a c e  under- 
ccalinc, should be less than 0.05 degrees  C e l s i u s  f o r  v e l o c i t i e s  
up t o  f i v e  micrometers per  second. 
10.3.6 Volume F r a c t i o n  Measurements 
From t h e  series o f  photographs used to  measure the 
lamellar spacing,  t h e  volume f r a c t i o n  o f  t h e  minor phase w a s  
measured. (See 10.3.2) T h i s  r e s u l t e d  i n  a measure o f  t h e  
v a r i a t i o n  of  volume f r a c t i o n  wi th  growth rate. 
The measurements a r e  p l o t t e d  i n  Fig. 10.21. A 
l i n e  was f i t t e d  t o  t h e  d a t a  and t h e  equa t ion  is  l i s t e d  i n  the 
Appendix. 
Unlike t h e  l a m e l l a r  spac ing  measurements, t h e  p r e c i s e  
measurement of  volume f r a c t i o n  r e l i e s  upon p r e c i s e  s e l e c t i o n  of 
t h e  phase boundary l o c a t i o n .  Phase boundar ies  can be t i l t e d  
very s l i g h t l y  from t h e  o p t i c a l  a x i s ,  and are sites f o r  o p t i c a l  
d i f f r a c t i o n .  These e f f e c t s  reduce t h e  p r e c i s i o n  t o  which t h e  
phase boundary spac ings  can be measured. 
Other  i r r e g u l a r i t i e s ,  such a s  l amel lae  which have 
low energy i n t e r p h a s e  boundaries ,  were omi t t ed  f r o m  t h e  
measurements a s  t h e s e  phases do  n o t  a d j u s t  t h e i r  lamellar 
spacings  and t h e r e f o r e  t h e i r  l o c a l  volume f r a c t i o n s  remain 
abnormal. The l o c a l  v a r i a t i o n  of l a m e l l a r  width r e q u i r e s  t h a t  
as l a r g e  a number of  measurements be made from as many l amel lae  
as p o s s i b l e .  
Fig. 10.21 
Volume Fraction of Minor Phase vs Growth Rate 




The d i s c u s s i o n  t h a t  f o l l o w s  is  d i v i d e d  i n t o  three 
p a r t s ;  t h e  f i r s t  d e a l s  s p e c i f i c a l l y  w i t h  t h e  measured p r o p e r t i e s  
o f  t h e  o r g a n i c  a l l o y s  o f  Carbon Tet rabromide  and Hexachloroe thane ,  
w h i l e  t h e  second p a r t  d e a l s  w i t h  t h e  i n t e r p r e t a t i o n  o f  t h e  
expe r imen ta l  o b s e r v a t i o n s  and measurements,  as t h e y  r e l a t e  t o  
l a m e l l a r  e u t e c t i c  growth. For  b o t h  o f  t h e s e  s e c t i o n s ,  t h e  
r e s u . : t s  are examined i n  t h e  l i g h t  o f  t h e  c u r r e n t  unde r s t and ing  
o f  t h e  f i e l d .  The t h i r d  p a r t  i s  a t h e o r e t i c a l  d i s c u s s i o n  o f  
e u t e c t i c  growth. 
The p o i n t s  o f  i n t e r e s t  i n  t h e  f i r s t  p a r t  ( s s c t i o n  11.1) 
a r e  a  d i s c u s s i o n  o f  t h e  phase  diagram and o f  t h e  i n t e r f a c i a l  f r e e  
energy  d a t a  o b t a i n e d  f o r  t h e  i n t e r f a c e .  
I n  t h e  second p a r t  ( s e c t i o n  11.2)  , a n  examina t ion  o f  
t h e  i n t e r f a c i a l  phenomena a t  t h e  growing o r g a n i c  e u t e c t i c  
s o l i d - l i q u i d  i n t e r f a c e  w i l l  be g i v e n ,  based  on t h e  e x p e r i m e n t a l  
o b s e r v a t i o n s .  The emphasis  i n  t h i s  s e c t i o n  i s  p l a c e d  on t h e  
c o n t r i b u t i o n s  to  i n t e r f a c i a l  unde rcoo l ing ,  ATR, ATD and AT 
Y' 
and on t h e  importance o f  t h e  i n t e r f a c i a l  f r e e  e n e r g i e s  encoun te red  
a t  t h e  e u t e c t i c  t r i j u n c t i o n s .  
The  t h i r d  s e c t i o n  ( s e c t i o n  11.3) is  a g e n e r a l  
d i s c u s s i o n  o f  e u t e c t i c  growth t h e o r y  emphas iz ing  d i f f e r e n c e s  
from t h e  p a s t  i d e a s  on t h e  s u b j e c t .  
11.1 Discussion of  t h e  Carbon Tetrabromide- 
Hexachloroethane System 
Most o f  t h e  informat ion  needed to  analyze  t h e  
s o l i d i f i c a t i o n  behaviour of a  m a t e r i a l  has  been measured f o r  
t h e  system: CBrc - C2C16 .  The t w o  most s i g n i f i c a n t  i t e m s  
found were t h e  phase diagram f o r  t h e  system and t h e  s o l i d -  
l i q u i d  i n t e r f a c i a l  f r e e  e n e r g i e s  f o r  s i n g l e  phase a l l o y s  i n  
t h e  composition range of  i n t e r e s t ,  ex tending from approximately 
zero  to  twenty weight p e r c e n t  C2C16  i n  C B r k .  
11.1.1 The CBrr - CzCls Phase Diagram 
The o v e r a l l  form of  t h e  phase diagram was known prior 
to  t h e  thermal  a n a l y s i s  from a s p e c i a l l y  prepared  o r g a n i c  a l l o y  
cell  cons t ruc ted  by Jackson and Hunt, when they  f i r s t  d iscovered  
t h e  system. [ 2 ]  Within one cel l  t h e y  p laced  side-by-side n e a r l y  
pure CBrb  and C z C 1 6  and allowed t h e s e  t w o  bands o f  m a t e r i a l  to  
i n t e r d i f f u s e  along a c e n t r a l  l i n e  i n  a temperature g r a d i e n t .  
I n  s o  doing,  a pseudo phase diagram w a s  genera ted ,  a s  could  be 
seen by observing t h e  shape and o r i e n t a t i o n  o f  t h e  s o l i d . - l i q u i d  
phase boundaries  formed a s  a r e s u l t  of tempera ture  v a r i a t i o n  
along one a x i s  of  t h e  c e l l  and composition v a r i a t i o n  a long t h e  
o t h e r .  Thus, i n  one ce l l ,  t h e  s l o p e s  o f  t h e  l i q u i d i  and t h e  
e u t e c t i c  t i e  l i n e  were observable .  [ 2 ]  The thermal  a n a l y s i s  
c a r r i e d  o u t  i n  t h e  p r e s e n t  s tudy  r e s u l t e d  i n  a phase diagram 
which appears  much a s  t h e  pseudo phase diagram. 121 From t h e  
pseudo diagram, however, t h e  e x a c t  placement of t h e  s o l i d u s  
li~les and of t h e  l i m i t s  of s o l i d - s o l u b i l i t y  could  n o t  be made. 
T h i s  problem was made more d i f f i c u l t  by t h e  f a c t  t h ~  2 t h e  pseudo 
diagram d i d  no t  extend from ze ro  t o  one hundred p e r c e n t  C2C16, 
and t h a t  t h e  compositions were n o t  known, even approximately. 
What is  important  is t h a t  t h e  placement of t h e  measured l i n e s  o r  
boundaries  on t h e  phase diagram is s i m i l a r  t o  t h e  phase boundary 
placement i n  t h e  composition range o f  i n t e r e s t  a s  d e p i c t e d  by 
t h e  s p e c i a l  "binary" c e l l  of Jackson and Hunt. 
11.1.2 I n t e r f a c i a l  F r e e  E n e r g i e s  of CBrb 
The u s e  o f  Carbon Tet rabromide  as a model for metal 
s o l i d i f i c a t i o n  h a s  r a i s e d  i n t e r e s t  i n  measuring i ts p r o p e r t i e s .  
A s  a r e s u l t ,  some m a t e r i a l  p r o p e r t i e s  (see Tab le  8.1) have been 
o b t a i n e d  f o r  pu re  CBrc which p e r m i t  comparison o f  t h e  r,aeasured 
i n t e r f a c i a l  e n e r g i e s  h e r e  w i t h  t h o s e  o b t a i n e d  by o t h e r  methods. 
I n  t h e  l i t e r a t u r e ,  t h e r e  is r e p o r t e d  one measurement 
Of Y~~ f o r  C B r h ,  o b t a i n e d  u s i n g  g r a i n  boundary groove 
t echn iques .  i l l ]  Apparatus  r e q u i r e d  f o r  t h e  o b s e r v a t i o n  o f  t h e  
groove and t o  g e n e r a t e  t h e  t empera tu re  g r a d i e n t  was similar t o  
t h o s e  l i s t e d  e a r l i e r  and f i r s t  r e p o r t e d  by Jackson ,  Hunt and 
Brown. [61] Two t y p e s  of a h a l y s i s  were a p p l i e d ,  t h e  B o l l i n g  - 
T i l l e r  type, which y i e l d e d  a v a l u e  f o r  ySL of  16 .5  mJ/m2 md t h e  
Glicksman - Nash t y p e ,  which gave a r ange  o f  v a l u e s  from 10 tc. 
20 m J / m 2 .  [ll] These v a l u e s  are comparable t o  t h o s e  o b t a i n e d  
from homogeneous n u c l e a t i o n  expe r imen t s .  [ l l ]  The h i g h e r  ySL 
v a l u e s  r e p o r t e d  i n  t h i s  p a p e r ,  compared to  t h a t  found i n  t h e  
p r e s e n t  s t u d y ,  may be due to  t h e  u s e  o f  a h i g h e r  measured v a l u e  
f o r  t h e  e n t r o p y  o f  fu s ion ,  (see Tab le  8.1). D e t a i l s  o f  how t h e  
methods were a p p l i e d  were n o t  a v a i l a b l e  from t h e  p a p e r s .  
Comparison o f  t h e  measured ySL t o  t h e  v a l u e  o b t a i n e d  
e m p i r i c a l l y  from t h e  h e a t  o f  f u s i o n  can  a l s o  be made. The 
e m p i r i c a l  r e l a t i o n :  
where: k = e m p i r i c a l  c o n s t a n t  
Y = i n t e r f a c i a l  ene rgy  
L = h e a t  o f  t r a n s f o r m a t i o n  
N = Avagadro's  N u m b e r  
V = molar volume 
h a s  been e v a l u a t e d  f o r  metals and o t h e r  m a t e r i a l s  f o r  t h e  
i n t e r f a c i a l  e n e r g i e s  between s o l i d  and vapour ,  s o l i d  and 
l i q u i d  and l i q u i d  and vapour ,  by u s i n g  t h e  h e a t  o f  s u b l i m a t i o n ,  
f u s i o n  a n d  e v a p o r a t i o n  r e s p e c t i v e l y .  The c o n s t a n t  k ,  h a s  t h e  
v a l u e s  0.15,  0.46 and 0.15 r e s p e c t i v e l y  f o r  t h e  t h r e e  cases 
above,  when a p p l i e d  t o  metals [69 ] .  The i n t e r f a c i a l  e n e r g i e s  
e s t i m a t e d  i n  t h i s  way f o r  C B r s  are: 
ySV = 41 mJ/m2 (AH subl ime from Tab le  8.1) 
SL = 9.02 mJ/m2 (measured  AH^) 
2 
yLV = 37 mT/m (AHevap from Tab le  9.1; 
A g r e a t  d e a l  o f  con f idence  canno t  be p l a c e d  i n  t h e s e  r e l a t i o n s  
s i n c e  d i f f e r e n t  c o n s t a n t s  c a n  b e  found u s i n g  d i f f e r e n t  s o u r c e s  
f o r  t h e  " m e a ~ u r e d ' ~  v a l u e s  o f  t h e  i n t e r f a c i a l  e n e r g i e s .  I t  does  
a p p e a r ,  however, t h a t  t h e  v a l u e  o f  t h e  so l i c i - - l i qu id  i n t e r -  
f a c i a l  energy  o f  C B r ,  d e r i v e d  i n  t h i s  way, c o i n c i d e s  s u f f i c i e n t l y  
w e l l  w i t h  t h e  v a l u e s  measured i n  t h e  p r e s e n t  work t h a t  t h e  
m a t e r i a l  can be  c o n s i d e r e d  t o  behave i n  m e t a l l i c  manner. 
The a p p l i c a b i l i t y  of  t h e  g r a i n  boundary groove 
technique t o  t h e  measurement of ySL has  been w e l l  e s t a b l i s h e d  
by o t h e r s ,  [lo-12, 14, 16) f o r  t h e  case of  pure,  s i n g l e  
component m a t e r i a l s ,  us ing  s t a t i o n a r y ,  w e l l  e q u i l i b r a t e d  grooves. 
A s  mentioned be fo re ,  one purpose o f  t h e  work d e s c r i b e d  i n  t h i s  
I .  
t h e s i s  was t o  e s t a b l i s h  t h e  a p p l i c a b i l i t y  o f  t h e  measurement 
I 
t echnique t o  a l l o y s  and to  i n v e s t i g a t e  t h e  measurement under 
1 : 
cond i t ions  where t h e  i n t e r f a c e  may be growing ( R < 8  micrometers/ I :  
sec.). The experiments  performed h e r e  (and t h e  r e s u l t s  
desc r ibed  i n  s e c t i o n s  10.2.5, 10.3.1, 10.2.8) i n d i c a t e  t h a t  when 
c o n s t i t u t i o n a l  undercooling e f f e c t b  and thermal  t r a n s i e n t s  a r e  
absen t ,  measurements made on a growing s o l i d - l i q u i d  i n t e r f a c e  
w i l l  y i e l d  a  c o n s t a n t  va lue  f o r  i n t e r f a c i a l  f r e e  energy wi th  
. - 
no i n d i c a t i o n  o f  change a s  growth p rogresses .  The abqence of 
a v i s ~ b l e  change i n  g r a i n  boundary groove shape dur ing  slow 
growth 2f t h e  p l a n a r  i n t e r f a c e  v e r i f i e s  t h i s .  Slow growth o f  
an  a l l o y  was p o s s i b l e  wi thou t  a  change i n  g r a i n  boundary groove 
shape,  and i n t e r e s t i n g l y ,  o n l y  when c e l l u l a r  breakdown o c c u r r e d  t ! 
c o u l d  a change i n  shape  from a s t a t i o n a r y  i n t e r f a c e  be d e t e c t e d .  
T h i s  s t a t e m e n t  i s  a consequence o f  c a r e f u l  v i s u a l  examina t ion  I 
o f  t h e  g r a i n  boundary groove a s  t h e  growth rate was changed, I 
and is  n o t  t h e  r e s u l t  o f  per forming  a d e t a i l e d  computer-aide? I 
a n a l y s i s .  However, d i f f e r e n c e s  were c l e a r l y  v i s i b l e  among t h e  
I:  
shape o f  s t a t i o n a r y  g r a i n  boundary grooves  f o r  a l l o y s  o f  I 
d i f f e r e n t  compos i t ions .  I t  was t h e  q u a n t i f i c a t i o n  o f  t h e s e  
changes which r e s u l t e d  i n  t h e  p l o t  o f  t h e  v a r i a t i o n  o f  ySL vs. 
weight  p e r c e n t  CzC16  shown i n  F i g .  10.16. 
i Th i s  d i s c u s s i o n  of  changes i n  t h e  i n t e r f a c e  shape  h a s  
a major s i g n i f i c a n c e  i f  s - g r e g a t i o n  o f  a t r a c e  o f  i m p u r i t y  were 
t o  o c c u r  i n  such  a way t h a t  a change i n  t h e  i n t e r f a c i a l  f r e e  
energy  r e s u l t e d  from t h e  a d s o r p t i o n  o f  t h i s  i m p u r i t y  t o  t h e  
i n t e r f a c e .  The s e g r e g a t i o n  would occu r  i n  such  a way t h a t  t h e  
system energy  were reduced .  T h i s  t y p e  o f  s e g r e g a t i o n  and i t s  
development h a s  been observed  a t  g r a i n  bounda r i e s  i n  a s o l i d ,  
and on l i qu id -vapour  i n t e r f a c e s .  (871 The ana logous  e f f e c t  a t  
s o l i d - m e l t  i n t e r - f a c e s  h a s  n o t  been a s  w e l l  document. d. [ 8 7 ]  
A t  no t i m e  was any e f f e c t  o f  such  s e g r e g a t i o n  t o  t h e  i n t e r f a c e  
observed  d u r i n g  t h e  c o u r s e  o f  an  exper iment .  The e f f c c t ,  i f  
it o c c u r r e d ,  would have caused  a change i n  t h e  shape  o f  t h e  
g r a i n  boundary groove a s  t h e  s e g r e g a t i o n  would have i n c r e a s e d  
d u r i n g  t h z  i n i t i a l  s t a g e s  o f  e q u i l i b r a t i o n .  T h i s  shou ld  b e  
c o n t r a s t e d  w i t h  t h e  measurements o f  ySL of CBrr w i t h  small 
amounts o f  v a r i o u s  o r g a n i c  s o l u t e s .  (see s e c t i o n  10.3.1  and 
Table  10.3) What i s  i m p o r t a n t  t o  n o t e ,  and is  c l e a r l y  visible 
from t h e  d a t a ,  is  t h a t  the d i f f e r e n t  t y p e s  o f  i m p u r i t y  led t o  
a wide r  v a r i e t y  o f  v a l u e s  f o r  ySL ( impure)  t h a n  would be [. 
obt-ained from normal scatter o f  ySL f o r  any a l l o y .  I n  a d d i t i o n ,  
t h e  q u a n t i t y  o f  s o l u t e  added w a s  v e r y  small ( ( 3 . 4  weigh t  
p e r c e n t ) .  The l a r g e  r ange  o f  ySL f o r  t h e  v a r i o u s  i m p u r i t i e s  
observed  canno t  be accounted  f o r  by assuming t h a t  t h e  
c o n c e n t r a t i o n  o f  t h e  i m p u r i t y  i n  t h e  so l i d  o r  l i q u i d  ~-.t t h e  
, . 
x 
i n t e r f a c e  was close to  t h e  v a l u e  one would t a k e  a s  t h e  bu lk  
I I 
v a l u e .  One c o u l d  o n l y  accoun t  f o r  such  l a r g e  changes i n  ySL I j !  
from t h e  "pu re"  v a l u e  i f  a  mechanism is found which p e r m i t s  a , . 
l a r g e  l o c a l  change i n  t h e  compos i t ion  o f  t h e  i n t e r f a c e  w i t h  
r e s p e c t  t o  t h e  s o l u t e .  One mechanism h a s  been e x p l a i n e d  e a r l i e r ,  r 
t h a t  o f  a d s o r p t i o n  o f  t h e  s o l u t e  t o  t h e  i n t e r f a c e .  However, 
t h i s  would probably  s t a b i l i z e  ySL by g i v i ~ q  c o n s t a n t  i n t e r f a c e  
compos i t ion ,  due to  a d s o r p t i o n .  F a o t h e r  mezhanism would b e  thr 
e q u i l i b r i u m  p a r t i t i o n i n g  o f  t h e  s o l u t e  one would e x p e c t  i f  t k '  
d i s t r i b u t i o n  c o e f f i c i e n t  f o r  t h e  s o l u t e  i n  CBrb were s i g n i f i -  
c a n t l y  d i f f e r e n t  from 1 ( k < < l ;  k > > l ) .  The c o n d i t i o n  is s t r o n g e r  
i f  growth were t o  o c c u r  as w e l l .  T h i s  l a t t e r  mechanism cou ld  f 
be  used t o  e x p l a i n  t h e  d i f f e r en :e  i n  ySL ( C B r *  - Azobenzene) 
w h e r e  t h e  c o n c e n t r a t i o n  o f  Azobenzene was v e r y  d i f f e r e n t  between 
t h e  t w o  a l l o y s  t e s t e d .  The s m a l l e r  t h e  d i s t r i b u t i o n  c o e f f i c i e n t ,  
t h e  g r e a t e r  t h e  m a g n i f i c a t i o n  o f  t h e  l o c a l  s o l u t e  c o n c e n t r a t i o n  
i n  t h e  l i q u i d  a t  t h e  i n t e r f a c e .  The small change i n  YSL ( f rom 
t h e  "pure"  C B r s  v a l u e )  fotind when S u c c i n o n i t r i l e  was added may 
be exp la ined  when one corrsiders t h a t  t h i s  o r g e n i c  is n o t  
s o l u b l e  i n  s o l i d  C3-b (ae observed by i ts  p r e c i p i t a t i o n  from 
t h e  growing i n t e r f a c e  of  t h e  a l l o y  t e s t e d ) .  An abrup t  change 
i n  ySL(CBr*) a s  one adds C,C16 is n o t  expected because the 
d i s t r i b u t i o n  c o e f f i c i e n t  has a va lue  c l o s e  t o  w i t y  (kz0.4). 
A s  exper ience  was gained wi th  forming and measuring 
g r a i n  boundary grooves, s l i g h t  v a r i a t i o n s  from i d e a l  groove 
shape (which were r e a d i l y  q u a n t i f i e d )  were d e t e c t e d  by eye ,  
through t h e  microscope o r  from photographs. For example, many 
grooves were asymmetrical because t h e  g r a i n  boundary was a  few 
degrees  o f f  from t h e  normal t o  t h e  i n t e r f a c e  isotherm. By i t s  
very n a t u r e ,  t h e  Glicksman and Nash technique  i s  s e n s i t i v e  t o  
the.:e shape d e v i a t i o n s .  S ince  l i t t l e  informat ion  is needed i n  
t h e  Glicksman and Nash proc2dure t o  perform t h e  measurement, 
t h e  " q u a l i t y "  of  t h e  groove wi th  r e s p e c t  t o  how w e l l  it meets 
t h e  i d e a l i z e d  c o n d i t i o n s  set  by t h e  geometry of t h e  measurement 
is very important .  I t  seems c l e a r  t h a t  t h e  p r e c i s i o n  o f  t h e  
measurement would be reduced i f  t h e  whole  groove p r o f i l e  was 
used xor t h e  a n a l y s i s .  One method i n  which t h i s  i s  p o s s i b l e  
i s  t h e  Bo l l ing  and T i l l e r  a n a l y s i s ,  b u t  i n  t h a t  c a s e ,  ySL must 
be i s o t r o p i c  and t h e  grooves isola.;ed from one another .  Another 
more g e n e r a l l y  a p p l i c a b l e  method, i s  t h e  one f i r s t  sugges ted  by 
Arbel and Cahn. (371 The whole groove p r o f i l e  is used and, 
i n  a d d i t i o n ,  t h e  measurement permi ts  a q u a n t i f i c a t i o n  o f  t h e  
degree  of i n t e r f a c i a l  a n i t o t r o p y .  A modrf ica t inq  s f  t h e  method 
permits  the measurement t o  b e  made a l s o  f o r  a sol id-mel t  
combination i n  which t h e  thermal  c o n d u c t i v i t i e s  are unequal. 
Some success  was ob ta ined  by t h e  au thor  i n  performing 
a non-l inear  r e g r e s s i o n  of  t h e  equa t ion  o f  a g r a i n  boundary 
groove, a s  de r ived  by Bol l ing  and T i l l e r ,  o n t o  a set o f  
d i g i t i z e d  coord ina tes  taken f r o m  a photomicrograph of a g r a i n  
boundary groove. This  method should improve accuracy,  b u t  would 
apply only  when the i n t e r f a c i a l  energy i s  i s o t r o p i c  and t h e  
thermal c o n d u c t i v i t i e s  o f  s o l i d  and mel t  are n e a r l y  equal .  The 
p o t e n t i a l  f o r  an improved p r e c i s i o n  o f  t h e  measurement is  
demonstrably c l e a r  for e i t h e r  o f  t h e s e  o t h e r  methods. 
A s  s t a t e d  be fo re ,  a l l  t h e  methods except  t h a t  o f  :.rbel 
and Cahn r e q u i r e  t h a t  t h e  s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  energy 
be known t o  be i s o t r o p i c .  This  w a s  n o t  a mere assumption i n  
t h e  p r e s e n t  work ( a s  it has  been f o r  o t h e r s ) .  Experimental 
confirmation o f  t h e  i n t e r f a c i a l  i s o t r o p y  was ob ta ined  from 
t h e  obse rva t ion  o f  p e r f e c t l y  s p h e r i c a l  l i q u i d  drops  formed i n  
t h e  c a s t  s ~ l i d  nea r  t h e  s o l i d - l i q u i d  i n t e r f a c e .  (see S e c t i o n  
1 0 . 2 . 9 )  The obse rva t ion  c o r r o b o r a t e s  t h e  i n i t i a l  assumption 
t h a t  t h e  ySL would be i s o t r o p i c  based on t h e  c r y s t a l  s t r u c t u r e  
and behaviour o f  t h e  o rgan ic  m a t e r i a l s .  I so t ropy  of p r o p e r t i e s  
i s  usua l ly  found wi th  n a t e r i a l s  having a c u b i c  c r y s t a l  s t r u c t u r e ,  
l i k e  a metal.  The p l a s t i c i t y  and low ent ropy of  f u s i o n  of  t h e  
o rgan ics  used would f u r t h e r  l e a d  one t o  expect  t h e  s o l i d -  
l i q u i d  i n t e r f a c i a l  energy t o  be i s o t r o p i c .  
11.2 Growth o f  t h e  Carbon Tetrabromide- 
Hexachloroethane E u t e c t i c  
T h i s  p o r t i o n  of t h e  d i s c u s s i o n  w i l l  cover two aspects 
of  e u t e c t i c  growth i n  t h e  system Carbon Tetrabromide-Hexachloro- 
ethane .  The f i r s t  subsec t ion  w i l l  d e a l  w i t h  exper imenta l  
obse rva t ions  of  t h e  e f f e c t s  on t h e  s o l i d - l i q u i d  e u t e c t i c  i n t e r -  
f ace  which i n f l u e n c e  t h e  undercooling of t h e  i n t e r f a c e .  Means 
of q u a n t i f y i n g  t h e  c o n t r i b u t i o n s  t o  t h e  i n t e r f a c i a l  undercooling 
w i l l  be d i scussed .  I n  t h e  second subsec t ion ,  a d i s c u s s i o n  o f  t h e  
i n f l u s n c e  on i n t e r f a c e  morphology by t h e  t h r e e  i n t e r f a c i a l  f r e e  
e n e r g i e s ,  yaL, vBS and y w i l l  be made. 
a, 
Most o f  t h e  exper imenta l  obse rva t ions  were l imited to  
a g r e a t  e x t e n t  by t h e  i n a b i l i t y  t o  reduce t h e  e f f e c t s  o f  c o n s t i -  
t u t i o n a l  undercooling caused by the i m p u r i t i e s  which could  n o t  
be removed and by t h e  products  o f  t h e  degrada t ion  of  t h e  C B r b  
which slowly formed dur ing  t h e  pe r iod  of  an experiment.  The 
major i ty  of  t h e  experiments  were performed i n  a temperature 
q r a d i e n t  3f approximately 2S°C/cm. I t  was a t  f i r s t  be l i eved  
t h i s  value re1 -esentea  a reasonably shal low g r a d i e n t .  Near t h e  
end of t h e  work,  experiments  were performed wi th  an even lower 
va lue  of G ,  -7*C/cm. Much u s e f u l  d a t a  r e s u l t e d  w i t h  t h e  a p p l i -  
c a t i o n  of  t h i s  very low G because t h e  e f f e c t s  of  a l l o y  
degradat ion  were postponed a s  t h e  m e l t  w a s  n o t  so e l e v a t e d  i n  
temperature.  
11.2.1 E u t e c t i c  I n t e r f a c e  Undercool ing 
Although the a t t e m p t  t o  measure t h e  unde rcoo l ing  of 
t h e  growing e u t e c t i c  i n t e r f a c e  w i t h  t h e  micro-thermocouples 
w a s  compl i ca t ed  by t h e  d e g r a d a t i o n  e f f e c t s  mect ioned p r e v i o u s l y ,  
it seems clear t h a t  t h e  a c t u a l  i n t e r f a c i a l  unde rcoo l ing  of this 
e u t e c t i c  is  v e r y  small, unde r  t h e  growth c o n d i t i o n s  used.  
Measurements performed d u r i n g  t h e  c o u r s e  o f  t h i s  s t u d y  p e r m i t  
t h e  c a l c u l a t i o n  o f  i n t e r f a c e  unde rcoo l ing  u s i n g  e q u a t i o n s  from 
t h e  Jackson  and Hunt a n a l y s i s ,  [ 8 ,  881 for comparison w i t h  t h e  
o b s e r v a t i o n s  made u s i n g  t h e  thermocouple  cells. Jackson  and 
Hunt g i v e :  
.IT = K l \ V  + 9 
X 
where  : 
Co = coU + CO' - 11.1 we igh t  p e r c e n t  
P = 0 .03  ( Jackson  and Hunt pa rame te r )  
x = 7.5  x lo-' mm 
v = 8 x l o - '  mm/sec 
The o n l y  v a l u e  r e q u i r e d  t h a t  was n o t  measured, or 
known p r e c i s e l y  from o t h e r  sources ,  w a s  t h e  d i f f u o i o n  c o e f f i c i e n t ,  
h e r e  taken a s  a r e p r e s e n t a t i v e  va lue  f o r  l i q u i d  d i f f u s i o n .  The 
undercooling c a l c u l a t e d  us ing  t h e  Jackson and Hunt formula is 
approximately 0.01 degrees  K f o r  t h e  growth rate o f  e i g h t  micro- 
meters p e r  secund and f o r  t h e  maximum recorded growth rate i n  
t h i s  work ,  t h e  ucdercuol ing  would a t t a i n  a va lue  o f  o n l y  
approximately 0.05 degrees  K. Such a low v a l u e  appears  to  have 
been below t h e  l i m i t  of measurement w i t h  t h e  thermocouple cells. 
I n  o t h e r  systems,  no tab ly  m e t a l l i c  ones ,  measured i n t e r f a c i a l  
undercoolings i n  excess  o f  s e v e r a l  degrees  have been repor ted :  
systems wi th  f a c e t i n q  phases show t h e  h i g h e s t  va lues  of  under- 
cool ing ,  whi le  t h o s e  i n  which both phases are non-facet ing show 
t h e  lowest  maximum undercoolings i n  t h e  group. [ 2 4 )  T h i s  lat ter  
obse rva t ion  appears  t o  be c o n s i s t e n t  wi th  t h e  ca lcu la t io r .  above. 
An a l t e r n a t e  type  o f  c a l c u l a t i o n ,  n o t  r e p o r t e d  else- 
where, i s  t h e  e s t i m a t i o n  o f  t h e  i n t e r f a c i a l  undercooling from 
t h e  measured v a r i a t i o n  of volume f r a c t i o n  (Vfl w i t h  growth r a t e .  
The measured v a r i a t i o n  is  p l o t t e d  i n  Fig .  10.21. Th i s  
c a l c u l a t i o n  i s  unconventional ,  b u t  t h e  p r e c i s i o n  of  some of  
t h e  measurements performed j u s t i f i e s  its a p p l i c a t i o n .  I t  is  
based on t h e  assumption t h a t ,  i f  s o l i d i f i c a t i o n  of  t h e  e u t e c t i c  
occurred  a t  a temperature below t h e  e q u i l i b r i u m  e u t e c t i c  
temperature,  t h e  composi t ions of  t h e  s o l i d  and l i q u i d  formed 
a t  t h a t  temperature would be those  represen ted  on t h e  phase 
diagram by e x t e n s i o n s  o f  t h e  s o l i d u s  and l i q u i d u s  l i n e s  t o  t h e  
oppropriate degree of undercooling. In this way, it is 
possible to find the compositions of the two phases which 
solidify for any selected value of undercooling. The differences 
in composition would, in the CBr. - C2C16 system, result in a 
similar change in the respective densities of the phases and, 
therefore, in the volume fraction of one phase relative to 
the other, e.g., the volume fraction of the minor phase, 
Vf ( $ 1 .  Using the computer, a series of calculations was made, 
for small values of undercooling, in order to obtain the 
variation of Vf(f3) with undercooling. The calculations employed 
the lever rule, with the "fulcrum" of the lever fixed for all 
undercoolings at the eutectic composition. For small under- 
coolings ( ~ 1  degree) the calculated variation of Vf(B) with 
temperature was -0.04 Vf(B)/OC; the theoretical value of Vf(R) 
at the equilibrium temperature is 0.3238. At the velocity of 
8 micrometers/sec., the corresponding undercooling would be 
al~prosi- ltely 1.5 degrees, based on the measured Vf ( t i )  value 
for that growth rate. Although it is difficult to establish 
precise slope for the line in the graph, there clearly is a 
tjeneral downward trend. The decrease in Vf(ii) as R increased 
cct:urs de"-lite the fact that the qrowth rate changes were not 
made i ;  a consecutive order. Thus, whlle the accuracy of the 
me .surercent of interface undercoollng 1s questionable, there 
is experimental support for the applicability of the method. 
.Lr~other ramification of the above method is the 
con?rderatlon that the undercoolinq sustained by the freezing 
i n t e r f a c e  may n o t  be wholly due t o  the mechanisms f o r  under- 
coo l ing  mentioned i n  s e c t i o n  8.1. It is conceivable  t h a t  a 
s m a l l  amount o f  impur i ty  could  reduce t h e  f r e e z i n g  temperature 
o f  t h e  i n t e r f a c e  and a l s o  a f f e c t  t h e  volume f r a c t i o n  o f  t h e  
system. T h i s  e f f e c t  may occur  i f  t h e  e u t e c t i c  v a l l e y  from 
t h e  b i n a r y  e u t e c t i c  t o  t h e  t e r n a r y  e u t e c t i c  p o i n t  drops  i n  a 
d i r e c t i o n  which f o r c e s  t h e  composi t ions of  t h e  t w o  major phases  
i n  t h e  b ina ry  to  d e v i a t e  s u f f i c i e n t l y  to  cause  t h e  volume 
f r a c t i o n  change. Higher growth r a t e s  may cause  more r e j e c t e d  
s o l u t e  t o  c o l l e c t  a t  t h e  i n t e r f a c e  and f u r t h e r  cause  t h e  Vf t o  
d e v i a t e .  Unfor tunate ly ,  f o r  t h e  c a s e  c i t e d ,  t h e  p o s s i ~ l e  
impur i ty  e f f e c t  s e r v e s  t o  mask t h e  measurement o f  i n t e r f a c i a l  
undercooling by o t h e r  mechanisms. 
A r e l a t i v e  i n t e r f a c i a l  undercooling w a s  shown by t h e  
s l i g h t  advance o f  a  s e c t i o n  of  e u t e c t i c  i n t e r f a c e  i n t e r s e c t e d  
by " s p e c i a l w  low energy boundaries  over  a neighbouring s e c t i o n  
i n t e r s e c t e d  by "random" high energy phase boundaries .  Two 
r e l a t i v e  undercoolings were measured, a s  ;hewn i n  Fig. 10.12 
f o r  two growth r a t e s .  I n  s e c t i o n  10.3.3 a  measure of  t h e  yaB 
o f  some " s p e c i a l "  boundaries  i s   give^. The v a l u e s  o f  y were 
a$ 
s i g n i f i c a n t l y  smal le r  than those  f o r  t h e  random, h igh energy 
boundaries ,  Table 10.4. A s  t h e  i n t e r f a c i a l  e n e r g i e s  o f  t h e  
" s p e c i a l "  boundar ies  are low i n  va lue ,  t h e  c o n t r i b u t i o n  t o  
i n t e r f a c i a l  undercool iag  is  s i m i l a r l y  small among them. 
E f f e c t i v e l y ,  t h e  i n t e r f a c i a l  undercoolings caused by " s p e c i a l "  
bounda r i e s  are e q u i v a l e n t .  
S i n c e  t h e r e  is n o  e v i d e n c e  t o  s u g g e s t  t h a t  t h e  
i n t e r f a c i a l  ene rgy  o f  a  phase  boundary ( p a r t i c u l a r l y  a "special" 
boundary) varies w i t h  t h e  c o n d i t i o n s  under  which it is formed, 
such as t h e  c o n d i t i o n s  f o r  F ig .  10.12, t h e n  t h e  c a u s e  f o r  t h e  
t w o  d i f f e r e n t  relat ive unde rcoo l ings  ( f o r  F ig .  10.12) must 
o r i g i n a t e  i n  t h e  c h a r a c t e r  o f  t h e  i n t e r f a c e  w i t h  h i g h e r  ene rgy  
phase bounda r i e s .  Tha t  i s  to  s a y ,  f o r  t h e  h i g h e r  o f  t h e  t w o  
growth r a t e s ,  t h e  i n t e r f a c e  w i t h  t h e  h i g h e r  ene rgy  phase  
bounda r i e s  grows w i t h  a g r e a t e r  unde rcoo l ing  r e l a t i v e  t o  t h e  
" s p e c i a l "  boundary i n t e r f a c e .  
The c o n t r i b u t i o n s  t o  t h e  unde rcoo l ing  o f  t h e  " h i g h e r  
energy" i n t e r f a c e  must s t e m  from mechanisms which allow t h e  
c o n t r i b u t i o n s  to  t h e  unde rcoo l ing  t o  va ry  w i t h  R. These 
mechanisms i n c l u d e  t h e  c o n t r i b u t i o n s :  ATR, AT and ATD. ( L i t t l e  
Y 
d i f f e r e n c e  i s  e x p e c t e d  from ATK.) The f i n e r  l a m e l l a r  s p a c i n g  
c h a r a c t e r i s t i c s  o f  t h e  h i g h e r  growth rate i n c r e a s e s  t h e  c u r v a t u r e  
on each  lamella, i n c r e a s e s  t h e  number o f  h i g h  ene rgy  phase  
bounda r i e s  and t h e  h i g h e r  R d e c r e a s e s  t h e  t i m e  f o r  d i f f u s i o n ,  
a l t hough  t h e  d i f f u s i o n  d i s t a n c e  is a s  w e l l  reduced.  The 
r e l a t i v e  unde rcoo l ings ,  c a l c u l a t e d  from t h e  imposed t empera tu re  
g r a d i e n t ,  were found to b e  0.0364 d e g r e e s  and 0.0162 d e g r e e s  f o r  
t h e  h i g h e r  and lower R r e s p e c t i v e l y .  Thus, t h e  d i f f e r e n c e  i n  
unde rcoo l ings  is  0.0202 d e g r e e s  f o r  t h e s e  t w o  growth rates. 
The e q u a t i o n  q iven  i n  s e c t i o n  8 .1  f o r  AT was used t o  c a l c u l a t e  Y 
t h e  relative c o n t r i b u t i o n  to t h e  undercoolings from the phase , - 
boundaries  f o r  the two l a m e l l a r  spac ings  of  the "high energyn 
i n t e r f a c e s .  The c a l c u l a t e d  undercoolings us ing  y = 14 mJ/m2, 
a6 
ASf = 8 x ~ o ' J / ~ ' K  and A I  = 13.5 x 10-.rn and A, = 37 x 1o06rn, 
a r e  r e s p e c t i v e l y  0.026 and 0.0095 degrees .  The relative differ- 
ence  i s  0.0165 degrees.  I n  comparison to  t h e  measured r e l a t i v e  
f i f f e r e n c e  of  0.02 degrees  one would expec t  t h a t  t h e  remaining 
c o r ~ t r i b u t i o n  o f  t h e  undercooling would o r i g i n a t e  from ATR and , '  
ATD which t o g e t h e r  ( O . C L  deyrees)  have a s i m i l a r l y  smal l  c o n t r i -  
bu t ion  to  t h e  inc reased  undercooling o f  t h e  h i g h e r  R i n t ~ r f a c e .  
The r e l a t i v e  importance of  t h e  i n t e r f a c i a l  znergy balance  
a t  t h e  t r i j u n c t i o n ,  ccmpared to  t h e  c o n t r i b u t i o n  t o  t h e  under- 
coo l ing  from t h e  s o l u t e ,  ATD, i n  de termining t h e  shape of t h e  
i n t e r f a c e  can be i l l u s t r a t e d  by u t i l i z i n g  " s p e c i a l "  boundaries .  
A e u t e c t i c  g r a i n  made up o f  " s p e c i a l "  t y p e  phase boundaries  can 
form and grow i n  t h e  a x i s  of  t h e  cell  a long  t h e  h e a t  f low 
d i r e c t i o n .  Such an i n t e r f a c e  would appear  a s  a  s t r a i g h t  s o l i d -  
l i q u i d  i n t e r f a c e  wi th  t h e  phase boundar ies  i n t e r s e c t i n g  normal t o  
t h i s  i n t e r f a c e  and doing so wi thou t  forming s i g n i f i c a n t  cusps  at 
b 
t h e  t r i j u n c t i o n s .  The i n t e r f a c e  j u s t  desc r ibed  would be grc ring 
wi thout  any undercooling due t o  c u r v a t u r e ,  a s  t h e r e  is no 
curva tu re ,  and t h e  i n t e r f a c e  would be t r u l y  i so the rmal .  I n t e r -  
f a z e s  such a s  those  desc r ibed  above, have been observed d u r i n g  
growth of  t h e  o r g a n i c  e u t e c t i c  i n  some e u t e c t i c  g r a i n s .  An 
example of an i n t e r f a c e  wi th  an impur i ty  a d d i t i o n  and wi th  low 
energy i n t e r p h a s e  boundaries  growing a long t h e  cell axis is t h e  
f i r s t  micrograph o f  Fig.  10.153. T h i s  i n t e r f a c e  does have 
n e g a t i v e  c u r v a t u r e  which was induced  by t h e  c o n t r i b u t i o n  t o  the 
undercool ing :  ATD. T h e r e f o r e ,  under  t h e s e  circumstances, a11 
the v i s i b l e  i n t e r f a c i a l  c u r v a t u r e  is t h a t  which w a s  required to  
c o u n t e r  t h e  unde rcoo l ing  due t o  t h e  c o l l e c t e d  s o l u t e .  I n  this 
case, a n  i m p u r i t y  a d d i t i o n  w i t h  a l o w  d i s t r i b u t i o n  c o e f f i c i e n t  
f u r t h e r  a c c e n t u a t e d  t h e  unde rcoo l ing  i n  t h e  lamellae. A p u r e  
e u t e c t i c  w a s  obse rved  to  d i s p l a y  n e g a t i v e  c u r v a t u r e  i n  t h i s  way 
as w e l l .  The c o n t r i b u t i o n  t o  t h e  unde rcoo l ing  may t h e n  b e  
q u a n t i f i e d  s imply  by measur ing  t h e  d e p t h  o f  t h e  l i q u i d  pocke t  i n  
t h e  c e n t e r  o f  a lamella and a p p l y i n g  t h e  known t empera tu re  g r a d i e n t .  
T h i s  measurement w a s  performed f o r  t h e  impure i n t e r f a c e  shown i n  
I 
Fig .  10.15B, and t h e  l a r g e s t  unde rcoo l ing  measured i n  t h i s  w a s  
w a s  approximate ly  0.075 deg rees .  The c o n t r i b u t i o n  t o  t h i s  
f i g u r e  o f  t h e  i m p u r i t y  a l o n e  is  n o t  know I t  shou ld  be  n o t e d  
t h a t  t h e  amount of  unde rcoo l ing  depended on t h e  lamellar wid th .  
However, once  a  lamellar wid th  i s  e s t a b l i s h e d  w i t h  s p e c i a l  
bounda r i e s ,  i t  is  n o t  l i k e l y  t h a t  t h e  l a m e l l a r  s p a c i n g  c o u l d  
a d j u s t  t o  changes i n  growth rate. One o f  t h e  pu rposes  o f  t h e  
micro-thermocouple cells w a s  t o  measure AT and by c a l c u l a t i n g  
ATR from t h e  shape  measurements,  a va lue  o f  ATD would have been 
o b t a i n e d .  By t h e  d i r e c t  o b s e r v a t i o n  o f  t h e  n e g a t i v e  c u r v a t u r e  
on t h e  i n t e r f a c e s  where t h e r e  a r e  " s p e c i a l "  b o u n d a r i e s ,  and 
t h e r e f o r e  l i t t l e  or  no ATR0 one cou ld  c a l c u l a t e  t h e  ATDwhich 
caused  t h e  n e g a t i v e  c u r v a t u r e .  
T i l l e r ' s  formula 1281 as p r e s e n t e d  i n  s e c t i o n  10.3.2 ,  
was used t o  c a l c u l a t e  ya8 and D u s i n g  t h e  measured v a l u e s  from 
o t h e r  p o r t i o n s  o f  this work. With the v a l u e s  selected from 
t h e s e  measurements and t h e  v a l u e  f o r  D set t o  2 x 10-~cm~/sec., 
t h e  c a l c u l a t e d  va lue  f o r  yaB w a s  determined t o  be  15  nU/m2. 
Since  y was measured independently,  a va lue  f o r  D cou ld  be  
a0 
c a l c u l a t e d  us ing  t h e  same equat ion .  A r e p r e s e n t a t i v e  v a l u e  of 
( f o r  a  random, h igh  energy phase boundary) w a s  s e l e c t e d  as 
13.5 mJ /m2 and t h e  remaininu parameters  r e t a i n e d .  The c a l c u l a t e d  
value  f o r  D was found t o  be  2.18 x 10-'cm2/sec. The resemblance 
t o  t h e  'accepted" va lue  f o r  D o f  2 x 10-~cm/sec. is n o t  s u r p r i s i n g  
as t h e  c a l c u l a t e d  va lue  f o r  y is, as w e l l ,  ve ry  c l o s e  t o  t h e  
a8 
independently measured value .  
Two types  of  experiments  were performed which showed 
d i r e c t l y  t h e  importance o f  ATD i n  de termining t h e  shape o f  a  
growing e u t e c t i c  i n t e r f a c e .  I n  one set  o f  experiments ,  s t a t i o n a r y  
s o l i d - l i q u i d  e u t e c t i c  i n t e r f a c e s  were produced. According t o  
e u t e c t i c  growth t h e o r i e s  ( 8 . 1 ) ,  t h e  c o n t r i b u t i o n  to  t h e  i n t e r -  
f a c i a l  undercooling from the c r o s s - d i f f u s i o n ,  i n  t h e  l i q u i d  
ad jacen t  t o  t h e  i n t e r f a c e ,  o f  t h e  components o f  t h e  e u t e c t i c  
phases is due t o  t h e  growth of  t h e  i n t e r f a c e ,  and corresponds  
t o  a  p e r i o d i c  v a r i a t i o n  i n  t h e  s o l u t e  composition d i s t r i b u t i o n  
i n  t h e  l i q u i d  with a pe r iod  equa l  t o  t h e  l a m e l l a r  spacing.  The 
p e r i o d i c  v a r i a t i o n  o f  t h e  s o l u t e  i n  t h e  l i q u i d  and t h e  a s s o c i a t e d  
undercooling v a r i a t i o n  a t  t h e  i n t e r f a c e  cannot  e x i s t  a t  a  
s t a t i o n a r y  i n t e r f a c e .  Never the less ,  under t h e  c o n d i t i o n  o f  
ze ro  i n t e r f a c e  v e l o c i t y ,  t h e  c h a r a c t e r i s t i c  e u t e c t i c  i n t e r f a c e  
shape was observed. T h i s  shape d i d  n o t  d i f f e r  s i g n i f i c a n t l y  
from t h e  shape o f  a s lowly  growing i n t e r f a c e .  Jackson and Hunt 
state t h a t  i n t e r f a c e  c u r v a t u r e  observed a t  a e u t e c t i c  i n t e r f a c e  
is  due t o  t h e  compensating c u r v a t u r e  c o n t r i b u t i o n  t o  t h e  under- 
coo l ing  needed t o  o f f  set t h e  c o n s t i t u t i o n a l  undercooling.  
( s e c t i o n  8.1) From t h e  z e r o  v e l o c i t y  i n t e r f a c e s ,  one can o n l y  
observe t h e  c u r v a t u r e  due to  t h e  i n t e r a c t i o n  o f  t h e  i n t e r f a c i a l  
e n e r g i e s  i n  t h e  tempera ture  g rad ien t .  
The i so thermal  convect ion experiments  were devised  
i n  o r d z r  t o  s e p a r a t e  t h e  ATD from t h e  o v e r a l l  i n t e r f a c i a l  
underccol ing  by sweeping away t h e  s o l u t e  l a y e r ,  i n  t h e  l i q u i d  
i so the rmal ly ,  a t  a growing s o l i d - l i q u i d  i n t e r f a c e .  The 
conclus ion  from t h e  observed e f f e c t s  i s  t h a t ,  even f o r  a  
growing i n t e r f a c e ,  t h e  o v e r a l l  c o n t r i b u t i o n  of  t h e  ATD component 
t o  t h e  i n t e r f a c i a l  undercooling i s  smal l .  Th i s  was demonstrated 
by t h e  r e t u r n  of  t h e  i n t e r f a c e  t o  a shape similar t h a t  it would 
a t t a i n  i f  it were a s t a t i o n a r y  i n t e r f a c e .  I t  i s  i n t e r e s t i n g  t o  
no te  a s  w e l l ,  t h a t  t h e  t i m e  r e q u i r e d  by t h e  i n t e r f a c e  to  a d j u s t  
i t s e l f  is  very small .  This  i s  emphasized f u r t h e r  when observing 
t h e  mel t ing  i n t e r f a c e  a t  slow mel t  r a t e s .  A t  t h e  slower rates, 
t h e  i n t e r f a c e  p r o f i l e  was similar to  t h a t  f o r  a  s lowly growing 
or s t a t i o n a r y  i n t e r f a c e .  The resemblance was c l o s e r  when t h e  
r a t e  of  me l t ing  approached zero.  I t  seems then ,  t h a t  f o r  s lowly 
growing, s lowly mel t ing  o r  s t a t i o n a r y  i n t e r f a c e s ,  t h e  c o n t r i -  
bu t ion  t o  t h e  i n t e r f a c e  shape due to  ATR r e s u l t i n g  from t h e  
i n t e r a c t i o n  of t h e  i n t e r f a c i a l  e n e r g i e s  and t h e  tempera ture  
g r a d i e n t  i s  g r e a t e r  than  t h a t  due t o  ATD. 
The c o n t r i b u t i o n  t o  i n t e r f a c  t 1  undercooling by ATD 
was found t o  i n c r e a s e  a s  growth r a t e  increased.  T h i s  was found 
by dec reas ing  t h e  growth rate a t  a moderate rate such t h a t  t h e  
l a m e l l a r  spac ing  d i d n ' t  have t h e  oppor tun i ty  t o  change. I n  
t h i s  way, t h e  comparison was f a i r .  The f a s t e r  growing i n t e r -  
f ace  would have nega t ive  curva tu re  developed i n  t h e  midsect ion  
of t h e  major phase lamel lae .  A s  t h e  growth r a t e  was changed, 
and t h e  s o l u t e  boundary l a y e r  pe rmi t t ed  t o  d iminish  by 
d i f f u s i o n  i n t o  t h e  l i q u i d ,  t h e  major phase 1-ould become less 
concave a t  t h e  t i p ,  u n t i l  a region of ze ro  c u r v a t u r e  was formed 
i n  t h e  middle. L i t t l e  change was observed t o  occur  on t h e  minor 
phase lamel lae .  Then, a s  t h e  growth r a t e  decreased f u r t h e r ,  t h e  
i n t e r f a c e  would be everywhere convex i n  much t h e  same w a s  a s  t h e  
second diagram i n  Fig.  10.6. Eventual ly ,  t h e  s lowly  growing 
i n t e r f a c e  would be i n d i s t i n g u i s h a b l e  from a s t a t i o n a r y  one. 
There a r e ,  t h e r e f o r e ,  t w o  c o n d i t i o n s  under which a 
p o r t i o n  o f  t h e  e u t e c t i c  i n t e r f a c e  can show z e r o  curva tu re .  One 
is  t h e  c a s e  af a s t a t i o n a r y  i n t e r f a c e ,  provided t h a t  t h e  
lamel lae  a r e  s u f f i c i e n t l y  wide. The o t h e r  i s  as desc r ibed  
above, where some p o s i t i v e  c u r v a t u r e  from t h e  i n t e r a c t i o n  of  
t h e  i n t e r f a c i a l  e n e r g i e s  and t h e  tempera ture  g r a d i e n t  is balanced 
by t h e  s l i g h t  n e g a t i v e  c u r v a t u r e  caused by t h e  s o l u t e  bu i ldup  
a t  t h e  i n t e r f a c e  i n  t h e  midsect ions  of  each lamel la .  I n  o r d e r  
t h a t  t h e  s l i g h t  p o s i t i v e  c u r v a t u r e  be p r e s e n t  a t  ze ro  v e l o c i t y ,  
t h e  l amel lae  must be adequate ly  narrow. 
Since  t h e  degree  of  p o s i t i v e  c u r v a t u r e  can now be  
c a l c u l a t e d  us ing  i n t e r f a c i a l  energy d a t a ,  t h e  observed reduc t ion  
of  t h e  p o s i t i v e  c u r v a t u r e  a t  a growing i n t e r f a c e  could be used 
t o  q u a n t i f y  t h e  l o c a l  va lue  of ATD For comparison, a  c a l c u l a t i o n  
is  presen ted  h e r e  t o  compare ATR and ATD where ATR was ca lcu la ted  
us ing  t h e  l a m e l l a r  width and applying t h e  Gibbs - Thomson 
r e l a t i o n ,  and t h e  ATD w a s  c a l c u l a t e d  f o r  t h e  i n t e z z r c e  c o n d i t i o n s  
us ing  t h e  Jackson and Hunt equa t ions .  These condit  3 a r e  giver. 
i n  Fig. 11.1 f o r  an i n t e r f a c e  growing a t  one micro:: i sec .  
TO f u r t h e r  enhance t h e  ATD, a  smal le r  va lue  f o r  D was s r l e c t e d .  
5 x 10-~cm~/sec.  Note t h a t  t h e  concen t ra t ion  v a r i a t i o n  is p l o t t e d  
f o r  t h e  second component (B) i n  t h e  l i q u i s *  The m e r a g e  
composition of  t h e  l i q u i d  a t  t h e  i n t e r f a c e  i s  6 .1  weight  p e r c e n t  
CzC16 .  This  is a consequence of  t h e  Bo term (plane  wave t e r m )  
i n  t h e  equat ion .  The e u t e c t i c  a l l o y  composition was set t o  
8.4 weight p e r c e n t  C2C16 i n  C B r * .  The ATD was found to  be  a 
maximun) of 0.013 degrees  and ATR an average value  of  0.235 
degrees.  The v a l u e  f o r  ATD w i l l  i n c r e a s e  a t  a f a s t e r  r a t e  than  
ATR a s  R i n c r e a s e s .  However, f o r  t h e  growth r a t e s  encountered 
i n  t h i s  work, ATD<ATR. 
A thermal  t r a n s i e n t  o f  undercooling was in t roduced i n  
t h e  quenching experiments .  When t h e  undercooling w a s  s u f f i c i e n t ,  
s i n g l e  phase d e n d r i t e  growth occurred .  The dendri t r  t i p  r a d i u s  
was observed to  be much s m a l l e r  than  t n e  t y p i c a l  l a m e l l a r  i n t e r -  
f a c e  r a d i u s  and growth was f a s t e r .  The i n i t i a l  breakdown o f  t h e  
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ana logous  manner to t h e  breakdown o f  a g r a i n  boundary groove. 
The p o i n t  o f  i n c e p t i o n  o f  t h e  d e n d r i t e  w a s  on  t h e  i n t e r -  
f a c e  where t h e  i n t e r f a c i a l  underco ' i n g  due t o  l o c a l  c u r v a t u r e  
was high.  The s h a r p e r  local r a d i u s  o f  c u r v a t u r e  a l l o w s  t h e  
i n t e r f a c e  t o  grow faster l o c a l l y .  The d r i v i n g  f o r c e  f o r  
f a s t e r  growth is g r e a t e r  still because  t h e  r e g i o n  o f  h i g h e r  
c u r v a t u r e  on t h e  major phase i s  s i t u a t e d  d i r e c t l y  a d j a c e n t  to  
t h e  l i q u i d  e n r i c h e d  i n  s o l u t e  j u s t  i n  f r o n t  o f  t h e  minor phase  
i n t e r f a c e .  Notice t h a t  t h e  c o n s t i t u e n t  r e j e c t e d  by t h e  minor 
phase is caus ing  t h i s  l i q u i d  t o  be a r i c h  s o u r c e  of 
c o n s t i t u e n t  f o r  major  phase  growth and so l i t t l e  a d d i t i o n a l  
unde rcoo l ing  ( c o n t r i b u t e d  by t h e  g a s  jet) w a s  r e q u i r e d  t o  
cause  t h i s  l i q u i d  to  be  consumed by t h e  major phase  as i s  
shown i n  F ig .  19.7. T h i s  c a n  be s e e n  when one  c o n s i d e r s  t h a t  
t ' z  l i q u i d  i n  f r o n t  o f  t h e  minor phase  is  undercooled  more 
w i t h  r e s p e c t  t o  t h e  major phase  when t h e  quench c a u s e s  t h e  
d e c r e a s e  i n  tempera ture .  T h i s  p r o c e s s  d id  n o t  o c c u r  t o  the 
e x c l u s i o n  o f  t h e  minor phase.  I t  a p p e a r s  i ts r a d i u s  of 
c u r v a t u r e  a l s o  dec reased  d r a m a t i c a l l y  and a s m a l l  l a m e l l a  o f  
minor phase was s t i l l  p r e s e n t  even  a f t e r  t h z  quench. The 
d e n d r i t e  growth p r o c e s s  r e j e c t e d  t h e  c o n s t i t u e n t  needed by 
t h e  minor phase  ( a l t hough  i n  s m a l l e r  amounts s i n c e  t h e  growth 
r a t e  was s o  h igh )  to  c o n t i n u e  t o  grow. I n  t h i s  way, no 
mechanism of  r e n u c l e a t i o n  o f  t h e  minor phase  would be  r e q u i r e d  
a t  an  i n t e r f a c e  such a s  t h i :  which h a s  an  a l m o s t  s i n g l e  
phase structure.  Renusleation o f  the  minor phase a f t e r  this 
sort o f  thermal transient was a t  one time believed to be a 
necess i ty  for  the continuation of coupled growth a f t e r  the  
transient.  
11.2.2 I n t e r f a c i a l  E n e r g i e s  a t  t h e  E u t e c t i c  I n t e r f a c e  
Some d i s c u s s i o n  h a s  a l r e a d y  been p r e s e n t e d  regardicg 
* 
i n t e r f a c i a l  e n e r g i e s ,  mos t ly  w i t h  r e s p e c t  t o  CBr,. There  were 
some problems encoun te red  when measuring ySL from t h e  e u t e c t i c  
i n t e r f a c e  f o r  e a c h  phase.  The problems were s o l v e d  s i n c e  t h e  
v a r i e t y  o f  i n t e r f a c e s  produced,  and t h e  a b i l i t y  t o  g e n e r a t e  a 
s t a t i o n a r y  e u t e c t i c  i n t e r f a c e  made it p o s s i b l e  t o  modify t h e  
methods, as d e s c r i b e d  e l sewhere .  The measurements d o  show 
t h e  i n f l u e n c e  o f  t h e  i n t e r f a c i a l  f r e e  e n e r g i e s  upon t h e  e u t e c t i c  
i n t e r f a c e  morphology. 
While t h e  v a l u e  o f  yaL measured from t h e  e u t e c t i c  
i n t e r f a c e  f e l l  w i t h i n  t h e  r ange  p r e d i c t e d  from t h e  ySL VS. 
compos i t ion  p l o t ,  t h e  v a l u e  o f  1 measured d i r e c t l y  from BL 
c u r v a t u r e  o f  t h e  lamellae (wi thou t  u s i n g  t h e  Glicksman - Nash 
method) f e l l  below t h e  expec ted  v a l u e  based  on t h e  s i n g l e  phase 
measurements. However, t h e  accu racy  o f  t h e  v a l u e  o f  y BL 
measured from t h e  e u t e c t i c  i n t e r f a c e  is n o t  e x p e c t e d  to  b e  h i g h ,  
s o  t h a t  t h e  r e s u l t  is c o n s i d e r e d  t o  be i n  agreement w i t h  t h a t  
from s i n g l e  phase  measurements. The a p p a r e n t  l i n e a r  r e l a t i o n -  
s h i p  between unde rcoo l ing  and c a l c u l a t e d  c u r v a t u r e  (F ig .  10.20) 
may n o t  b e  correct o v e r  a l a r g e r  range  of  c u r v a t u r e .  T h i s  will 
be d i s c u s s e d  i n  s e c t i o n  11.3.  
I t  is clear from t h e  many o b s e r v a t i o n s  made t h a t  a 
e u t e c t i c  t r i j u n c t i o n  p r o f i l e  s h a r e s  t h e  shape  o f  two g r a i n  
boundary grooves. The s i m i i a r i t y  can  be seen  d i r e c t l y  i n  Fig. 
10.13. This  f i g u r e  a l s o  shows t h a t  a e u t e c t i c  g r a i n  boundary 
can e x i s t  c o i n c i d e n t  wi th  a  phase boundary, or i n  t h i s  case, 
as a g r a i n  boundary inc luded  w i t h i n  a laxwlla. This  h a s  n o t  
been observed elsewhere.  Th i s  s t a t ement  is  f u r t h e r  
s u b s t a n t i a t e d  by t h e  obse rva t ion  o f  t h e  d e n d r i t e  growth 
d i r e c t i o n s  a t  a  quenched e u t e c t i c  i n t e r f a c e .  
From t h e  ang les  formed between t h e  phase boundaries  
a t  t h e  t r i j u n c t i o n ,  and t h e  measured s o l i d - l i q u i d  i n t e r f a c i a l  
e n e r g i e s ,  t h e  i n t e r p h a s e  i n t e r f a c i a l  f r e e  energy w a s  c a l c u l a t e d .  
I n  o r d e r  t h a t  t h e  f o r c e  v e c t o r s  be balanced i n  a l l  d i r e c t i o n s ,  
it was necessary  to  in t roduce  t h e  i n t e r f a c i a l  to rque  term. The 
phenomenon of  t h e  to rque  i n  t h e  e u t e c t i c  phase boundary p a r a l l e l s  
t h a t  i n  c e r t a i n  g r a i n  boundaries  and twin boundaries .  The 
h i g h e r  i n t e r f a c i a l  to rques  were f0ur.d f o r  the lower energy 
" spec ia l "  boundaries  as compared t o  the random, h igh  energy 
phase boundaries .  The torque  w a s  always found t o  act i n  t h e  
same d i r e c t i o n  (Fig .  10.18).  The e s t i m a t i o n  o f  t h e  to rque  would 
n o t  have been a s  s imple t o  perform i f  t h e  s o l i d - l i q u i d  e n e r g i e s  
were n o t  confirmed tc be i s o t r o p i c .  Although t h e r e  is an  
observed v a r i a t i o n  among t h e  va lues  f o r  to rques  and f o r  i n t e r -  
f a c i a l  e n e r g i e s ,  t h e  va lues  f a l l  i n t o  t w o  groupings. Some 
i n t e r p h a s e  i n t e r f a c e s  show high i n t e r f a c i a l  e n e r g i e s  and low 
to rques ,  w h i l e  t h e  " s p e c i a l "  boundaries  have low i n t e r f a c i a l  
e n e r g i e s  and high to rques .  
The measured undercooling from the nucleation cell 
was only -1.5 degweea. The theoret ica l  homogeneous nucleation 
undercooling for pure CBr* should be approximately s e v e n t ~  
degrees. Since heterogeneous nucleation occurred i n  the 
experiment, no in t er fac ia l  energy estimate can be made. 
11.3 The E u t e c t i c  I n t e r f a c e  (Theory) 
Tm, t y p e s  o f  s o l i d - l i q u i d  i n t e r f a c e  w i l l  be cons idered  
i n  t h i s  s e c t i o n .  The f i r s t  w i l l  be  a pure  eutectic i n t e r f a c e .  
Emphasis w i l l  be p laced on t h e  formula t ion  o f  a e u t e c t i c  i n t e r -  
f ace  based s t r o n g l y  on i n t e r f a c i a l  energy arguments. The 
hypo the t i ca l  s o l i d - l i q u i d  i n t e r f a c e s  a r e  assumed t o  be i s o t r o p i c .  
Secondly, an  impure s o l i d - l i q u i d  e u t e c t i c  i n t e r f a c e  w i l l  be 
considered.  
I n  an e a r l i e r  s e c t i o n  ( s e c t i o n  10.3.4) a Bol l ing  and 
T i l l e r  p l o t  of  t h e  equa t ion  f o r  a  g r a i n  boundary groove was 
drawn. I t  had a  shape similar t o  t h e  shape o f  t h e  s o l i d - l i q u i d  
i n t e r f a c e  of  t h e  major phase l amel la ,  Fig.  10.19. Th i s  w a s  
done t o  show how t h e  s o l i d - l i q u i d  i n t e r f a c i a l  energy f o r  a 
e u t e c t i c  phase could  be used to  a c t u a l l y  draw a n  i n t e r f a c e  
given only  t h e  temperature g r a d i e n t  and en t ropy  o f  fus ion .  I f  
t h e  l a m e l l a r  w i d t h  is  s u f f i c i e n t l y  l a r g e ,  t h e  unmodified a p p l i -  
c a t i o n  of  t h e  Bo l l ing  and T i l l e r  equa t ion  cou ld  then  be used 
t o  draw a  s o l i d - l i q u i d  phase boundary f o r  a  l amel la  f o r  a  
s t a t i o n a r y  i n t e r f a c e ,  ATD = 0. The c a l c u l a t e d  curve is d u p l i c a t e d  
and reversed  s o  t h a t  t h e  p o r t i o n  of  t h e  curve  which approaches 
t h e  i so therm is a l i g n e d  and connected t o  t h e  same p o r t i o n  o f  
t h e  reversed  curve. The d i s t a n c e  between t h e  r o o t s  of  t h e  cusps  
is  then a d j u s t e d  by b r ing ing  t h e  curves  c l o s e r  to  o r  f a r t h e r  from 
one ano the r ,  t o  g i v e  t h e  requ i red  l a m e l l a r  width.  The same 
approach can be taken f o r  t h e  minor phase a s  w e l l ,  p rovided t h a t  
t h e  l a m e l l a r  width is s u f f i c i e n t l y  l a r g e  that t h e r e  is some 
p o r t i o n  o f  t h e  i n t e r f a c e  wi th  ze ro  curva tu re .  This  s i t u a t i o n  
w a s  r a r e l y  encountered f o r  t h e  minor phase i n  t h e  o r g a n i c  
e u t e c t i c  s tud ied .  Higher growth rates also caused t h e  lamellar 
spac ing  t o  become s u f f i c i e n t l y  s m a l l  t h a t  no p o r t i o n  of t h e  
s o l i d - l i q u i d  i n t e r f a c e s  of t h e  phases would show ze ro  c d r v a t u r e  
a t  ze ro  v e l o c i t y .  I n  o r d e r  t o  accommodate such narrow lamellar 
widths ,  t h e  degree  o f  o v e r l a p  between t h e  two Bol l ing  and 
T i l l e r  curves  must be inc reased  u n t i l  t h e  p o r t i o n s  of t h e  curves  
w i t h  p o s i t i v e  curva tu re  i n t e r a c t .  A s  t h e  curve  i s  a represen- 
t a t i o n  of undercooling a t  t h e  i n t e r f a c e ,  an i n t e r f a c e  shape can 
be drawn us ing  a d d i t i v i t y  o f  t h e  undercoolings from each o f  t h e  
curves  where they  over lap .  
The shape of  t h e  f i n a l  curve  ob ta ined  by adding t h e  
two g r a i n  boundary groove p r o f i l e s  is much l i k c  a s e c t i o n  o f  
a circle. The i n t e r f a c e  shape then  would look l i k e  a minor 
phase s o l i d - l i q u i d  i n t e r f a c e  such as those  i n  Fig. 10.19. A s  
t h e  cusp ha lves  on each end o f  t h e  genera ted  i n t e r f a c e  p r o f i l e  
a r e  brought c l o s e r  t o g e t h e r  t o  r e p r e s e n t  f i n e r  lamellar wid ths ,  
t h e  r a d i u s  of c u r v a t u r e  of t h e  c i r c u l a r  s e c t i o n  d iminishes .  The 
p o s i t i o n  of these curves  a l s o  moves f a r t h e r  from t h e  i so therm 
f o r  t h e  o r i g i n a l  g r a i n  boundary grooves. T h i s  is a consequence 
of  t h e  inc reased  value  f o r  t h e  undercoolings which are be ing  
added. The maximum undercooling t h a t  can be ob ta ined  by adding 
t h e  two groove shapes would be found when t h e  two cusps  c o i n c i d e  
a t  z e r o  l a m e l l a r  width. A t  t h i s  p o i n t ,  t h e  undercooling is  
e x a c t l y  twice t h e  va lue  f o r  a s i n g l e  g r a i n  boundary groove. 
(By r e v e r s i n g  t h e  procedure,  a n  estimate o f  t h e  s o l i d - l i q u i d  
, 
i n t e r f a c i a l  energy o f  t h e  lamella and i ts  m e l t  cou ld  be mace 
i n  t h e  manner described i n  s e c t i o n  10.3.4. There, a  measurement 
of t h e  l a m e l l a r  t i p  depress ion  as a f u n c t i o n  o f  l a m e l l a r  width  
was used t o  o t b a i n  y by us ing  t h e  Gibbs - Thomson r e l a t i o n . )  i3L 
A p a i r  o f  g r a i n  boundary groove p r o f i l e s  were c o n s t r u c t e d  
mathematical ly i n  t h e  comput ?r and t h e  " l a m e l l a r  width" reduced. 
The depress ion  of t h e  t i p  o f  t h e  h y p o t h e t i c a l  l amel la  was followed 
a s  t h e  grooves overlapped and t h e  undercoolings added. I t  w a s  
found t h a t  a s  t h e  h y p o t h e t i c a l  lamellar width was decreased 
l i n e a r l y ,  t h e  t i p  of  t h e  h y p o t h e t i c a l  l a m e l l a  receded from t h e  
o r i g i n a l  i so therm f o r  t h e  g r a i n  boundary grooves. A t  f i r s t ,  w i th  
t h e  cusps w e l l  a p a r t  from one ano the r ,  t h e  icate of  r e c e s s i o n  was 
slow, and a s  t h e  cusps approached closer, t h e  rate of  r e c e s s i o n  
inc reased .  Although t h e  v a r i a t i o n  of t i p  depress ion  wi th  
l amel la r  width was non- l inear ,  d u r i n g  t h e  i n i t i a l  s t a g e s  (where 
t h e  cusps were f a r t h e r  a p a r t )  a n e a r l y  l i n e a r  r e l a t i o n s h i p  w a s  
found. Therefore ,  when t h e  minor phase undercooling was 
p l o t t e d  a g a i n s t  c u r v a t u r e  i n  Fig.  10.20, t h e  a lmost  l i n e a r  
r e l a t i o n s h i p  t h a t  was found would correspond t o  t h e  n e a r l y  
l i n e a r  r a :d t ionsh ip  between t i p  r e c e s s i o n  and lamellar width 
observed from t h e  computer c a l c u l a t i o n s .  The consequence of 
t h i s  l a t t e r  obse rva t ion  is simply t h a t  i f  t h e  lamella, f o r  which 
one wishes to  draw an i n t e r f a c e  p r o f i l e ,  were narrow, a s u i t a b l e  
s h i f t  i n  t h e  p o s i t i o n  o f  t h e  f i n a l  shape away from t h e  i so therm 
f o r  z e r o  c u r v a t u r e  would be r e q u i r e d .  
From t h e  volume f r a c t i o n  and from t h e  r e l a t i o n s h i p  
of lanrellar s p a c i n g  to  R,  t h e  a c t u a l  lamellar wid th  o f  e a c h  
o f  t h e  t w o  e u t e c t i c  p h a s e s  can  be  o b t a i n e d .  Knowing t h e  
s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  e n e r g i e s  o f  t h e  two p h a s e s  and  
t h e  t empera tu re  g r a d i e n t ,  one  can  t h e n  f i t  c u r v e s  such  as 
t h o s e  d e s c r i b e d  above t o  t h e s e  l a m e l l a r  w id ths .  T h i s  w a s  done 
and is p r e s e n t e d  i n  F ig .  11.2. U n t i l  now, t h e  d i h e d r a l  a n g l e s  
a t  t h e  t r i j u n c t i o n  and t h e  c o n t r i b u t i o n  t o  i n t e r f a c i a l  under- 
c o o l i n g  from ATD were ignored .  The B o l l i n g  and T i l l e r  e q u a t i o n ,  
a s  p r e s e n t e d  i n  s e c t i o n  8.1.2. would s u f f i c e  i f  t h e  d i h e d r a l  
a n g l e s  formed a t  t h t  b a s e  of t h e  cusps  w e r e  n e a r  z e r o  deg rees .  
A s  s t a t e d  i n  s e c t i o n  8.1.2, t h e  i n t e r f a c i a l  e n e r g i e s  
o f  t h e  t w o  s o l i d - l i q u i d  i n t e r f a c e s  and t h e  g r a i n  boundary must 
c a u s e  t h e  a n g l e s  formed a t  t h e  j u n c t i o n  to  r e a c h  e q u i l i b r i u m  
va lues .  As p o i n t e d  o u t  i n  t h e  e a r l i e r  t e x t ,  t h e  a n g l e s  f o r  
e u t e c t i c  t r i j u n c t i o n s  were c o n s i d e r a b l y  l a r g e r  t h a n  ze ro .  I n  
o r d e r  to  a t t a i n  a  f i n i t e  d i h e d r a l  a n g l e  a t  t h e  r o o t  o f  a c u s p  
formed us ing  t h e  B o l l i n g  and  T i l l e r  e q u a t i o n ,  a  p o r t i o n  o f  t h e  
cusp  may be  removed such t h a t  t h e  t a n g e n t  f o r  t h e  f r e e  end  of  
t h e  remain ing  c u s p  h a s  t h e  r e q u i r e d  a n g l e .  The r e q u i r e d  a n g l e s  
can  be c a l c u l a t e d  from t h e  t h r e e  i n t e r f a c i a l  e n e r g i e s ,  yaL, y B L ,  
and Y , , x B  i f  t h e  i n t e r p h a s e  bounda r i e s  a r e  a l l  assumed t o  be 
i s o t r o p i c .  
The  r e q u i r e d  s e q u c x e  o f  a  t h e n  0 lamellae may t h e n  
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be  a r ranged  and t h e  r e s p e c t i v e  s o l i d - l i q u i d  i n t e r f a c e s  
conca tena ted  t o  form the h y p o t h e t i c a l  s t a t i o n a r y  e u t e c t i c  
i n t e r f a c e .  The fo rmula t ion  o f  a growing e u t e c t i c  i n t e r f a c e  
would r e q u i r e  the a d d i t o n a l  undercool ing  c o n t r i b u t i o n  from 
ATD. Th i s  can be c a l c u l a t e d  from t h e  Jackson and Hunt [ 8 ]  
s o l u t i o n  t o  the d i f f u c i o n  e q u a t i o n  f o r  a  e u t e c t i c ,  o r  alter- 
n a t i v e l y ,  t h e  similar s o l u t i o n  by Donaghey and T i l l e r .  [32] 
The local c u r v a t u r e  of t h e  s t a t i o n a r y  i n t e r f a c e  would be  reduced 
according  t o  t h e  v a r i a t i o n s  i n  t h e  s o l u t e  c o n c e n t r a t i o n ,  perhaps  
t o  t h e  p o i n t  where n e g a t i v e  c u r v a t u r e  developed. The magnitude 
o f  t h e  ATD c o n t r i b u t i o n  would depend upon t h e  s e l e c t e d  i n t e r -  
face v e l o c i t y  and t h e  phase diagram f o r  t h e  system. 
Two d e t a i l s  of forming an i n t e r f a c e  i n  t h i s  way have 
been omi t t ed  as no immediate r e s o l u t i o n  o f  t h e  problems t h e s e  
deta i ls  pose  has  been found. The a u t h o r  f e e l s  t h a t  f u r t h e r  
a n a l y s i s  o f  t h e s e  d e t a i l s  w i l l  r e n d e r  a s a t i s f a c t o r y  s o l u t i o n .  
The ang le  r e l a t i o n s h i p s  a t  t h e  t r i j u n c t i o n  canno t  be 
s o  s imply t r e a t e d  as t h e y  were i n  t h e  above d i s c u s s i o n .  F a l s e  
d i h e d r a l  a n g l e s  could  be  c a l c u l a t e d  f o r  t h e  h y p o t h e t i c a l  i n t e r -  
f a c e  as any i n t e r f a c i a l  t o r q u e s  would have t o  be added t~ t h e  
c a l c u l a t i o n .  A s  found f o r  t h e  o r g a n i c  system s t u d i e d ,  s i g n i f i -  
c a n t  i n t e r p h a s e  boundary t o r q u e s  were measured. Thus, t h e  
assumption t h a t  a l l  t h r e e  i n t e r f a c i a l  e n e r g i e s  be i s o t r o p i c  
may be a  poor  one. Another problem a s s o c i a t e d  wi th  t h e  d i h e d r a l  
a n g l e s  a t  t h e  t r i j u n c t i o n  r e s u l t s  from a t t e m p t i n g  to  j o i n  t w o  
cusps ,  from neighbour ing  l ame l l ae .  I t  is conce ivab le  t h a t  i f  
one phase i s  narrower than  t h e  o t h e r  due t o  volume f r a c t i o n  
c o n s i d e r a t i o n s ,  t h e  undercooling c a l c u l a t e d  by summing t h e  t w o  
Bo l l ing  and T i l l e r  curves  may cause  t h e  f r e e  end o f  t h e  cusp  
(where t h e  t angen t  has  t h e  c h a r a c t e r i s t i c  ang le )  t o  i n t e r s e c t  
t h e  neighbouring curve  (from t h e  o t h e r  phase) a t  a p o i n t  o t h e r  
than  a t  t h e  f r e e  end f o r  t h i s  second curve. To f o r c i b l y  j o i n  
e i t h e r  of  t h e  f r e e  ends under t h e s e  circumstances would a l t e r  
t h e  i n t e r f a c i a l  t e n s i o n  balance.  
One could  r e s o l v e  t h e  problem by in t roduc ing  a s u i t a b l e  
torque  i n  t h e  i n t e r p h a s e  boundary t o  a l low t h e  ang les  to d i f f e r .  
T h i s  measure i s  u n s a t i s f a c t o r y  u n l e s s  t h e  va lue  f o r  t h e  torque  
i s  known. 
Another problem is  encounte led  when a change i n  
temperature g r a d i e n t  is  made and when t h e  two s o l i d - l i q u i d  
i n t e r f a c i a l  e n e r g i e s  d i f f e r  s i g n i f i c a n t l y  or when t h e  volume 
f r a c t i o n  i s  n o t  close to  one-half .  A change i n  G would cause  
t h e  two cusp shapes t o  change by d i f f e r i n g  amounts. The f r e e  
end of each cusp would then  a t t a i n  a d i f f e r e n t  degree  o f  under- 
coo l ing  and a matching problem occurs  again .  This  latter p o i n t  
can be i l l u s t r a t e d  i n  t h e  fo l lowing way: a comparison w i l l  be 
made between a l a r g e  and smal l  width of  l amel la ,  much l i k e  t h e  
types  found i n  t h e  s lowly grown o r g a n i c  e u t e c t i c .  L e t  t h e  
major phase s o l i d - l i q u i d  i n t e r f a c e  c o n s i s t  of  t w o  Bo l l ing  and 
T i l l e r  cu rves  end t o  end l i k e  t h e  one i n  Fig.  10.19 and l e t  t h e  
minor phase s o l i d - l i q u i d  i n t e r f a c e  resemble t h o s e  i n  t h e  same 
f i g u r e .  Le t  t h i s  h y p o t h e t i c a l  i n f e r f a c e  e x i s t  i n  a  c e r t a i n  
temperature g r a d i e n t  a t  equ i l ib r ium.  Next, s t eepen  t h e  
temperature g r a d i e n t .  The l a r g e r  i n t e r f a c e  p r o f i l e  w i l l  
become compressed i n  t h e  h e a t  flow d i r e c t i o n  - ..d t h e  average 
r a d i u s  o f  curva4--we w i l l  be reduced. The minor phase i n t e r -  
f ace  p r o f i l e  a l r e a d y  has  a uniform c u r v a t u r e  and t h i s  c u r v a t u r e  
i s  l i m i t e d  by t h e  l a m e l l a r  width (assumed n o t  t o  change) . The 
p o s i t i o n  o f  t h i s  i n t e r f a c e  w i l l  move i n  t h e  temperature g r a d i e n t  
i n  such a  way t h a t  t h e  Gibbs - Thomson r e l a t i o n  is s a t i s f i e d .  
A s  a  r e s u l t ,  t h e  new r e l a t i v e  p o s i t i o n s  of  t h e  two p r o f i l e s  
i n  t h e  h e a t  f low d i r e c t i o n  w i l l  n o t  match up i n  t h e  new temper- 
a t u r e  g r a d i e n t  u n l e s s  some change i n  d i h e d r a l  ang le  o r  to rque  
occurs .  
The d i f f i c u l t y  i n  matching t h e  two i n t e r f a c e  p r o f i l e s  
is s i m i l a r l y  complicated by cons ide r ing  changes i n  volume 
f r a c t i o n s  o r  l a m e l l a r  spacing.  For example, reduce t h e  volume 
f r a c t i o n  of t h e  minor phase c o n t i n u a l l y .  The s o l i d - l i q u i d  
i n t e r f a c e  shape w i l l  be a  segmect of  a c i r c l e ,  whose r a d i u s  of  
cu rva tu re  c o n s t a n t l y  w i l l  dec rease  a s  t h e  l a m e l l a r  width dec reases .  
As t h i s  occurs ,  t h e  i n t e r f a c e  p o s i t i o n  w i l l  have t o  move to  h igher  
~ n d e r c o o l i n g s  f u r t h e r  from t h e  i so therm f o r  ze ro  curva tu re .  
C l e a r l y ,  on ly  f o r  a  smal l  range of  undercoolings can t h i s  i n t e r -  
f a c e  be mated t o  t h e  o t h e r  i n t e r f a c e  t o  form a  cusp a t  t h e  tri- 
junct ion  w i t h  t h e  c h a r a c t e r i s t i c  ang les  observed i n  t h e  o rgan ic .  
S i m i l a r  problems i n  matching t h e  two i n t e r f a c e  p r o f i l e s  occurs  
when t h e  t w o  i n t e r f a c i a l  e n e r g i e s  d i f f e r  s i g n i f i c a n t l y .  
There seems t o  be some r e g u l a t o r y  mechanism which 
w i l l  pe rmi t  t h e  i n t e r f a c e  to  accommodate a l l  t h e s e   condition^ 
i n  order t h a t  a p l a n a r ,  lamellar e u t e c t i c  i n t e r f a c e  ccu ld  grow 
i n  a wide range o f  temperature g r a d i e n t s  and growth r a t e s .  
The r e g u l a t o r y  mechanism requ i red  h e r e  would have t o  do wi th  
i h e  ba lance  of  t h e  i n t e r f a c i a l  t ens ions .  Such a inechanism may 
be r e l a t e d  t o  t h e  "minimiun \;ndercoolinql' c r i t e r i o n  (see s e c t i o n  
8.1) which accounts  f o r  t h e  r e l a t i o n s h i p  between laneliar 
spacing and growth r a t e  (one o f  t h e  f i r s t  e m p i r i c a l l y  de r ived  
r e l a t i o n s ) .  
Observat ions o f  t h e  irnpurc e u c e c t i c  i n t e r i a c e s  
i n d i c a t e d  t h a t  t i le on ly  form of morphological modi f i ca t ion  
induced was t h a t  caused by c o n s t i t u t i o n a l  undi.:.*-oling. It was 
p o s s i b l e  t o  grow p l a n a r  e u t e c t i c  i n t e r f a c e s  ~iti. i m p u r i t i e s  i f  
t h e  growth r a t e s  were s u f f i c i e n t l y  low. Higher groweh r a t e s  
than those  f o r  p l a n a r  growth caused i r r e g u l a r  s t r u c t u r e s  t ' ~  
form a s  t h e  e u t e c t i c  i n t e r f a c e  broke down. 
The behaviour of  e u t e c t i c  g r a i n s  c o n t a i n i n g  " s p e c i a l "  
boundaries  dur ing  c o n d i t i o n s  of  c o n s t i t u t i o n a l  undercooling 
was markedly unusual. A s o l i d - l i q u i d  e u t e c t i c  i n t e r f a c e  w i t h  
i n t e r s e c t i n g  " s p e c i a l "  boundaries  w a s  found to  grow w i t h  lower 
undercooling than an  i n t e r f a c e  w i t h  h i g h e r  energy phase boundaries .  
The i n t e r f a c e  wi th  " s p e c i a l "  boundaries  would l e a d  the i n t e r f a c e  
with  h igher  energy phase boundaries  when t h e  e u t e c t i c  w a s  pure. 
This  behaviour is d u p l i c a t e d  f o r  t h e  impure i n t e r f a c e  a s  w e l l .  
Under cond i t ions  o f  c o n s t i t u t i o n a l  undercooling, t h e  l e a d i n g  edge 
of t h e  i n t e r f a c e  con ta in ing  t h e  e u t e c t i c  g r a i n  wi th  " s p e c i a l "  
boundaries  rejects s o l u t e  p r i o r  t o  t h e  remainder of  t h e  i n t e r -  
face.  The s o l u t e  then  c o l l e c t s  i n  h igher  concen t ra t ions  than  
usua l  on t h e  lat ter  p o r t i o n  o f  t h e  s o l i d - l i q u i d  i n t e r f a c e ,  whi le  
t h e  i n t e r f a c e  wi th  " spec ia l "  bcundar ies  con t inues  t o  grow i n t o  
l i q u i d  wi th  less undercooling. Eventual ly ,  t h e  s o l u t e  bu i ldup  
suppresses  t h e  growth o f  t h e  "higher  energy" s o l i d - l i q u i d  i n t e r -  
f ace  and t h e  " s p e c i a l n  boundary i n t e r f a c e  grows f u r t h e r  i n t o  
t h e  l i q u i d .  The process  i s  se l f -pe rpe tua t ing .  Th i s  sequence of  
even t s  describes a s e l e c t i o n  mechanism which favours  t h e  growth 
of e u t e c t i c  g r a i n s  wi th  " s p e c i a l "  boundaries .  Examples of  such 
g r a i n s  a r e  shown i n  Fig.  10.12. A s  t h e  r e s u l t i n g  m i c r o s t r u c t u r e  
of t h e s e  g r a i ~ s  d i f f e r s  from t h a t  from t h e  growth of i n t e r f a c e s  
with t h e  h igher  energy phase boundar ies ,  t h e  s t r u c t u r e  is  
cons dered  modified. The d i f f e r e n c e  i n  undercooling between 
t h e  " s p e c i a l "  s o l i d - l i q u i d  i n t e r f a c e s  and t h e  "high energy" 
s o i i d - l i q u i d  i n t e r f a c e s  was found to  be very smal l  for a pure  
e u t e c t i c .  I t  is  p c s s i b l e  t h a t  a smal l  q u a n t i t y  o f  an impur i ty  
wi th  a smal l  d i s t r i b u t i o n  c o e f f i c i e n t  could ,  under c o n s t i t u t i o n a l  
undercaoling cond i t ions ,  accen tua te  t h e  s l i g h t  d i f f e r e n c e  i n  
undercooling between t h e  t w o  types  of  i n t e r f a c e s .  These p r i n c i p l e s  
of e u t e c t i c  modif ica t ion  should apply e q u a l l y  w e l l  t o  any o t h e r  
system (such a s  a metal  based sys tem) .  
12. CONCLUSIONS AND SUMMARY 
- 
The Carbon Tetrabromide - Hexachloroethane o r g a n i c  
system w a s  s t u d i e d  i n  t h i s  work. P a r t i c u l a r  a t t e n t i o n  was given 
t o  t h e  a p p l i c a t i o n  o f  t h e  e u t e c t i c  a l l o y  as a model system f o r  
non-faceted, non-faceted, metallic e u t e c t i c  growth. A 
Temperature Gradient  Microscope was s p e c i a l l y  cons t ruc ted  t o  
observe  and photograph a  u n i d i r e c t i o n a l l y  growing s o l i d - l i q u i d  
i n t e r f a c e  i n  c o n t r o l l e d  c o n d i t i c n s .  A phase diagram was 
cons t ruc ted  and t h e  v a r i a t i o n  of  en tha lpy  of  f u s i o n ,  d e n s i t y ,  
en t ropy  of f u s i o n  and s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  energy wi th  
concen t ra t ion  of Hexachloroethane w a s  measured and ?ported.  
The s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  e n e r g i e s  of a  range 
of a l l o y s  were measured us ing  a  g r a i n  boundary groove technique .  
This  technique ,  a s  w e l l  as ano the r  method based on t h e  Gibbs - 
T: dmson r e l a t i o n ,  w e r e  s u c c e s s f u l l y  used t o  measure t h e  i n d i v i d u a l  
s o l i d - l i q u i d  i n t e r f a c i a l  f r e e  e n e r g i e s  of  t h e  two s o l i d  phases 
and t h e  m e l t  f o r  a  e u t e c t i c  i n t e r f a c e .  The v a l u e s  measured 
chzcked w i t h  those  ob ta ined  from t h e  s i n g l e  phase g r a i n  boundary 
groove measurements and those  based on e m p i r i c a l  r e l a t i o n s .  
The s o l i d - l i q u i d  i n t e r f a c i a l  e n e r g i e s  of both e u t e c t i c  phases 
w e l ~  found t o  be i s o t r o p i c .  From t h i s  knowledge, measurements 
of both t h e  s o l i d - s o l i d  i n t e r p h a s e  i n t e r f a c i a l  f r e e  energy and 
t h e  a s s o c i a t e d  torque  of t h i s  boundary could  be made from t h e  
d i h e d r a l  ang le  formed between t h e  i n t e r f a c e s  a t  t h e  t r i j u n c t i o n s .  
I n  a d d i t i o n  " s p e c i a l "  or l o w  e' rgy phase  bounda r i e s  were 
observed ,  t h e i r  i n t e r f a c i a l  e n e r g i e s  measured and t h e i r  
i n f l u e n c e  on t h e  i n t e r f a c e  shape  s t u d i e d .  C a l c u l a t i o n s  and 
measurements showed t h a t  t h e  o v e r a l l  i n t e r f a c e  unde rcoo l ing  
d u r i n g  growth w a s  as s m a l l  as 0.05 d e g r e e s  C e l s i u s .  
Exper imenta l  c o n d i t i o n s  were deve loped  which c o u l d  
allow t h e  o b s e r v a t i o n  o f  an  i n t e r f a c e  which had e f f e c t i v e l y  
no AT or,  on t h e  o t h e r  hand,  a n o t h e r  i n t e r f a c e  w i t h  no  ATR. D 
These are t h e  main unde rcoo l ing  c o n t r i b u t i o n s  i n  t h e  Jackson  
and Hunt t h e o r y  of e u t e c t i c  growth. 
I t  is concluded  t h a t  f o r  t h i s  sys tem,  t h e  e u t e c t i c  
i n t e r f a c e  morphology is  s t r o n g l y  dependent  on t h e  i n t e r f a c i a l  
f r e e  e n e r g i e s  found a t  t h e  e u t e c t i c  t r i j u n c t i o n s  and on t h e  
t empera tu re  g r a d i e n t  (ie. ATR). The i n t e r f a c e  morphology 
was n o t  found to  be so s t r o n g l y  dependent  on t h e  r a p i d  cross- 
d i f f u s i o n  between t h e  l a m e l l a e  o f  t h e  components o f  t h e  e u t e c t i c  
i n  t h e  l i q u i d  ahead o f  t h e  i n t e r f a c e  ( ie .  ATD). 
13. APPENDICES 
Appendix A 
Listing of Polyncmial Coefficients 
Phase Diaqram (T°C vs. w/o) 
Liquidus Hex-Rich 
Y = 63.64555 + 2.4618683~ - 0.0185x2 + 6.197668~-5x' 
Solidus Hex-Rich 
Y = 49.20405 + 2.4341~ - 0.022967x2 + 1.23461~-4x3 
Liquidus CBrb-Rich 
Y = 91.783639 - 0.5760037~ - 0.053909x2 
Solidus CBrb-Rich 
Y = 91.82861842 - 1.819167~ + 0.0198209x2 
Eutectic Tie Line 
Y = 83 
Density @ R.T. (gms/cm3 vs. wjo) 
Y = 3.27628 - 0.038526~ + 4.1229~-4x2 - 1.49427~-6x3 
Enthalpy per unit weight (calories per grams vs. w/o) 
Y = 2.41598 - 8.2428E-4x - 2.3655~-4x2 + 1.8555~-5x3 
- 9.8258~-8x' 
Entropy per unit volume (J/~'oK vs. w/o) 
H = w/o Hex 
Vf VS. R (fraction <1) (R pm!/sec) 
Vf = 0.29731 - 0.07935 R quality of fit(r) = - .57  
AT vs . Curvature ( O K )  (l/micrometer) 
ZVI data AT = 0 .0579211  K - 0.003967 
growing interface AT = 0 .0147  K - 0 .00132  
Linear Speed v s .  RPM 
6  vs. 8 * (Glicksman-Nash) 
e 2  = -0 .0041153 + 0.491258 - 10.81996'  + 1 2 1 . 2 6 4 6 ~  
&L VS. W/O Hex. 
a phase  ySL = 6 . 8 3 9  + 0 .22698  + 0.01561~'  
phase  ySL = 29 .2528  - 1 . 6 9 0 3 8  + 0 . 0 2 7 3 5 ~ ~  
H = w/o  Hexachloroethane i n  Carbon Tetrabromide 
Appendix B 
Consequences o f  t h e  Glicksman-Nash Method 
The s i m p l i c i t y  o f  t h e  measurement from a g r a i n  boundary 
groove is  a s t r o n g  advantage o f  t h e  Glicksman-Nash method. The 
method depends upon i n t e r p o l a t i n g  a term from t h e  graph Fig. 8.5. 
Appl ica t ion  of t h e  method on many grooves has  r a i s e d  some 
q u e s t i o n s  about how l i m i t e d  t h e  method can be. The problems s t e m  
from t h e  shape of t h e  curve  i n  Fig.  8.5. For example, a smal l  
spacing between t h e  grooves (2X) r e s u l t s  i n  t h e  r a t i o  6 to  
become l a r g e r  and the  upper p o r t i o n  of curve  is needed t o  o b t a i n  
0. I t  was found from exper ience ,  t h a t  f o r  v a l u e s  of  6>0.2, a 
smal l  i n c r e a s e  i n  6 (e.g. a smal l  r educ t ion  i n  spac ing  o f  t h e  
g r s i n  boundary groove) would l e a d  t o  a l a r g e  i n c r e a s e  i n  e 2  and 
a correspondingly  l a r g e  i n c r e a s e  i n  t h e  c a l c u l a t e d  va lue  f o r  
~ S L '  The upper r i g h t  p o r t i o n  o f  t h e  curve  i s  almost  h o r i z o n t a l .  
A smal l  error i n  measurement would cause  a l a r g e  d i f f e r e n c e  i n  
t h e  c a l c u l a t e d  ySL i n  t h i s  r eg ion  of  t h e  graph. A s  exp la ined  
be fo re ,  g r a i n  boundary grooves do n o t  g e n e r a l l y  remain i n  such 
c l o s e  proximity t o  one ano the r  t h a t  6 would be >0.2. Thus, i f  
one were t o  restrict t h e  a p p l i c a t i o n  o f  t h e  method t o  w e l l  
e q u i l i b r a t e d  grooves,  t h i s  upper p o r t i o n  of  t h e  graph would n o t  
be encountered.  
Note t h a t  g r a i n  boundary grooves can ,  f o r  long p e r i o d s  
o f  t i m e ,  e x i s t  s u f f i c i e n t l y  nearby t o  one ano the r  t h a t  t h e  
c u r v a t u r e s  o f  t h e  grooves mutual ly i n t e r a c t .  Under t h e s e  
circumstances,  t h e  midport ion o f  t h e  p l o t  i n  Fig.  8.5 would 
be of  use  when measuring ySL. The mutual in f luence  o f  t h e  
groove c u r v a t u r e s  on one ano the r  d iminishes  a s  t h e  groove 
spacing inc reases .  ,L some p o i n t ,  each  groove w i l l  become 
p e r f e c t l y  i s o l a t e d  from i ts  neighbour.  Unfor tunate ly ,  under 
t h e s e  circumstances,  6+0. For l a r g e  g r a i n  boundary groove 
spacings  then ,  6  i s  very  smal l  and one would have t o  i n t e r p o l a t e  
€I2 from t h e  lower p o r t i o n  of t h e  graph i n  Fig.  8.5.  I n  t h i s  
region,  however, l a r g e  v a r i a t i o n s  i n  X , o r  e r r o r s  i n  measurement 
a r e  i n s i g n i f i c a n t  s i n c e  t h e  va lue  of €12changes l i t t l e  and so t h e  
c a l c u l a t i o n  o f  ySL is e q u a l l y  imprecise .  I n  t h i s  r eg ion  of  t h e  
graph, t h e  curve  i s  n e a r l y  v e r t i c a l .  Even tua l ly ,  a  p r a c t i c a l  
l i m i t  would be reached i n  t h e  spacing,  X ,  where no measurable 
change i n  groove shape r e s u l t s  from t h e  proximity o f  ano the r  
groove. I t  was determined from exper ience  t h a t  t h e  va lue  of  6 
f o r  t h i s  cond i t ion  occurred  a t  -0.06. Below t h i s  va lue ,  any 
spacing would be  u s a b l e  t o  c a l c u l a t e  y SL' 
A g r a p h i c  exp lana t ion  of  t h e  above i s  given i n  t h e  
graph, Fig.  A-1. I n  t h i s  graph,  f o r  a  given d ,  ASf, and G 
t h e  c a l c u l a t e d  ySL was p l o t t e d  f o r  a  range of va lues  of A ,  and 
repea ted  f o r  some r e p r e s e n t a t i v e  va lues  of  d. The p o i n t s  on 
t h e  curves  which a r e  t o  t h e  l e f t  of  t h e  h o r i z o n t a l  l i n e s  were 
obta ined front t h e  graph i n  Fig .  8.5. The lower knees on each 
curve occur  when 6-0.06. The upper knees occur  when 620.22. 
Fiq. A-1  
Variation of Interfacial Energy With Groove Spacing 
6 
d in micrometers 
' Groove Spac~ng,ln mlcromelers = 2 
The a c t u a l  form o f  t h e  curve  t o  t h e  r i g h t  o f  t h e  lower is  n o t  
known e x p l i c i t l y ,  b u t  r a t h e r  w a s  deduced from examining t h e  
d e t a i l s  o f  t h e  a n a l y s i s .  C l e a r l y ,  an i s o l a t e d  g r a i n  boundary 




In  t h e  experiments  performed h e r e ,  t h e  va lue  o f  6 was ! 
f r e q u e n t l y  less than t h e  v a l u e  f o r  t h e  lower knee on t h e  p l o t ,  
Fig. A-1. The s i n g l e  va lue  o f  6=0.06 would then be e q u a l l y  
r e p r e s e n t a t i v e  f o r  any c a s e  where 6 ~ 0 . 0 6 .  The  t y p i c a l  va lues  
- 
o f  d f o r  t h e  grooves genera ted  i n  t h i s  work ranged from two t o  
twelve micrometers. E q u i l i b r a t e d  grooves were o f t e n  1-0  
micrometers a p a r t ,  r e s u l t i n g  i n  va lues  o f  A i n  t h e  a r e a  of 53-60 
micrometers and v a l u e s  o f  6-0.05 o r  less. Grooves such a s  t h e s e  
a r e  i s o l a t e d  s u f f i c i e n t l y  t h a t  t h e i r  shape matches t h e  c a l c u l a t e d  
groove p r o f i l e  from the B o l l i n g - T i l l e r  equa t ion .  Under t h e s e  
c i rcumstances ,  one could  use t h e  B o l l i n g - T i l l e r  curve  matching 
method t o  e s t i m a t e  ySL from t h e s e  grooves. Such circumstances 
were ob ta ined  by s e t t i n g  6=0.06 when measuring a -urve drawn 
us ing  t h e  B o l l i n g - T i l l e r  equa t ion  wi th  a  s e l e c t e d  ySL through 
t h e  a p p l i c a t i o n  of t h e  Glicksman-Nash technique .  The measured 
value  of t h e  i n t e r f a c i a l  energy reproduced t h e  i n i t i a l l y  s e l e c t e d  
value .  This  test  ensured  t h a t  both  methods would g i v e  a  
r e p r e s e n t a t i v e  va lue  o f  ySL from exper imenta l  g r a i n  boundary 
grooves. 
An assumption made by Glicksman and Nash i n  t h e  
d e s c r i p t i o n  of t h e i r  method [12] was n o t  found t o  be v a l i d  a t  
any time i n  t h i s  work. The assumption w a s  t h a t  a random, h igh  
energy g r a i n  boundary would develop a g r a i n  boundary groove 
wi th  a  n e a r l y  ze ro  d i h e d r a l  ang le  a t  t h e  base  of t h e  cusp. T h i s  
w a s  t o  be v a l i d  f o r  t h e  assumed c a s e  of s o l i d - l i q u i d  i n t e r f a c i a l  
energy i s o t r o p y .  Of t h e  hundred o r  more g r a i n  boundary grooves 
observed,  none had, as v i s i b l e  t o  t h e  eye,  a  d i h e d r a l  ang le  
lower than  approximately f o r t y  degrees.  When t h e  groove a n g l e s  
were measured, t h e  o v e r a l l  d i h e d r a l  ang le  of t h e  cusp was 
approximately e i g h t y  degrees .  The d e v i a t i o n  from t h e  i d e a l  
cond i t ions  assumed by Glicksman and Nash would l e a d  t o  an error 
i n  t h e  measurement s i n c e  t h e  l a r g e  d i h e d r a l  ang le  i n  e s sence ,  
reduces t h e  e f f e c t i v e  va lue  of  d s i n c e  t h e  c u r v a t u r e  o f  t h e  groove 
is n o t  a s  f u l l y  developed as it could  be i f  it w e r e ,  f o r  
example, a  B o l l i n g  and T i l l e r  groove wi th  ze ro  d i h e d r a l  ang le  
a t  t h e  base of t h e  cusp. As a  conseqcmce,  it i s  be l i eved  t h a t  
t h e  Glicksman-Nash method underes t imates  t h e  ySL f o r  t h e  system 
s t u d i e d  he re  by a  few percen t .  
Appendix C 
Specimen (Alloy)  Data 
System # 
1 
Composition Source o f  Chemicals 
E u t e c t i c  8.6 w/o Eastman Kodak ( C B r b )  
Hexachloroethane Matheson, Coleman & B e l l  
(Hexachloroethane) 
12 w/o  Hexachloroethane Eastman Kodak ( C B r b )  
Matheson, Coleman & B e l l  
(Hexachloroethane) 
20 w/o  Hexachloroethane Eastman Kodak (CBr 4 ) 
Matheson, Coleman & B e l l  
(Hexachloroe thane)  
8.8 w/o Hexachloroethane Matheson, Coleman & B e l l  
( C B r 4 )  
Matheson, Coleman & B e l l  
(Hexachloroethane) 
8.631 w/o Eas tman Kodak ( CBr 4 ) 
Hexachloroethane Eastman Kodak 















91.2523 w/o Carbon 
Tetrabromide 
0.0909 w/o Azobenzene 
Carbon Tetrabromide 
Eas tman Kodak ( C B r  4 ) 
Eastman Kodak 
( ~ e x a c h l o r o e t h a n e )  
Eastman Kodak ( C B r  4 ) 
Eas tman Kodak 
(Hexachloroethane) 
Eas tman Kodak ( C B r  4 )  
Eastman Kodak 
(Hexachloroethane) 
Eastman Kodak ( C B r  4 )  
Eastman Kodak 




Composit ion Source o f  Chexiicals 
0.099 w / o  Azobenzene Eastman Kodak 
i n  Carbon Tet rabromide  
E u t e c t i c  8.635 w/o  Eastman Kodak (CBr4) 
Hexachloroethane Eastman Kodak 
(Hexachloroethane)  
0.321 Azobenzene Eastman Kodak 
( remainder  S12) 
0.1824 w/o B e n z i l  Eas tman Kodak 
( remainder  S12 
0.5168 w/o Azobenzene Eastman Kodak 
i n  Carbon Tet rabromide  
E u t e c t i c  8.6135 w/o Eastman Kodak ( CBr I, 
Hexachloroe thsne  Eastman Kodak 
(Hexachloroe t h a n e )  
0.3 w/o  S u c c i n o n i t r i l e  
i n  S17 
1.34 w/o  Cyclohexanol 
i n  S17 
0.315 w / o  Hexahchloro- Eastman Kodak (CBr4) 
e t h a n e  i n  Carbon Eastman Kodak 
Tet rabromide  (Hexachloroethane)  
Contin. -~ated 
0.334 w/o  Eas tman Kodak ( CBr t, ) 
S u c c i n o n i t r i l e  i n  Carbon 
Tet rabromide  
0.3613 w/o Cyclohexanol  Eastman Kodak ( ~ ~ r s )  
i n  Carbon Tet rabromide  
0.2774 w/o Camphene i n  
Carbon Tet rabromide  Kastman Kodak (CBrt,) 
Pur;. f i e d  Carbon 
Te t ~ ~ a b r o m i d e  
8.5999 w/o Hexachloro- 
e t h a n e  i n  doub le  r e f i n e d  




527 + Hexachloroethane 
to  g i v e  -10 w/o 
Hexachloroethane 
S28 + Carbon Tet ra-  
bromide t o  g i v e  -7 .5  
w/o Hexachloroethane 
Source o f  Chemicals 
-- 
S29 + Hexachloroethane Eastman Kodak ( C B r k )  
t o  g ive  -8 .0  w/o Eastman Kodak 
Hexachloroethane (Hexachloroethane) 
11.3 w / o  Hexachloro- 
e thane  
-9 w/o Hexachloroethane 
f o r  convect ion cells 
8.708 Hexachloroethane Eastman AoCak ( C B r k )  
unref ined E u t e c t i c  
8.65 Hexachloroethane Eastman Kodak ( C B r c  ) 
E u t e c t i c  
19.839 Yexachloroethane Eastman Kodak C B r 4 )  
P u r i f i e d  Carbon 
Tetrabromide 
0.2134 w/o Hexachloro- 
e thane  i n  Carbon 
T e  t rabromide ( r e f i n e d )  
0.4216 w/o Hexzchloro- 
e thane  i n  Carbon 
Tetrabromide ( r e f i n e d )  
1.0582 w / o  Hexachloro- 
e thane  i n  Carbon 
Tetrabromide ( r e f i n e d )  
2.45  w/o  Hexachloroethane 
i n  Carbon Tetrabromide 




Composition Source o f  Chemica* 
3.565 w/o Hexachloro- 
e thane  i n  Carbon 
Tetrabromide 
15.52 w/o : '-bxachloro- 
e thane  
24.98 w/o Hexachloro- 
e thane  
4 7.4 9 w/o Hexachloro- 
e thane  
76.5 wi'o Hexachloro- 
e thane  
7.52 w/o Hexachloro- 
e thane  
5.15 w/o Hexachloro- 
e thane  
85.92 w/o Hexachloro- 
e thane  
1 .993  w/o Hexachloro- 
e thane  
Eastman Kodsk ( C B r 4  ) 
Eastman Kodak 
( ~ e x a c h l o r o e  thane  ) 
Eastman Kodak ( C B r b )  
Eastman Kodak 
(Hexachloroethane) 
Eastman Kodak (CBr ;  ) 
Eastman Kodak 
( ~ e x a c h l o r o e t h a n e )  
Eastman Kodak ( C B r 4  ) 
Eastman Kodak 
(Hexachloroethane) 
Eastman Kodak (CEr4j 
Eastman Kodal- 
( H e x a c h l o r ~ e t h a r ~ e )  
Eastman Kodak (CBXI,! 
Eastman Kodak 
(Hexachloroe thane)  
Eastman Kodak ( C B r 4 )  
Eastman Kodak 
(Hexachloroethane) 





Composition Source of Chemicals 
11.7 77 w/o Hexachloro- Eastman Kodak (CBr I, 1 
ethane Eastman Kodak 
(~exachloroethane) 
Designations: S I  - sample number 
PDI - alloy used in determination of Phase 
Diagram 
Appendix D 
Properties of Organic Compounds Used 
for *Impurityn Additions 
Azobenzene 
Other names: Azobenzol, Benzeneazobenzene 
Ciz - Hi oN2 




insoluble in water 
orange-red leaflets, crystale 
Benzi 1 
Other names: Bibenzoyl, Dibenzoyl, Diphenylglyoxal 
1, 2 - Diphenlylenethanedione 
CsHsCOCO - CsHs 
mol. wt. 210.22 
d i 5 1 . 2 3  
mp 93°C 
bp 346 - 348*C 




Other names: 2,2 - Dimethyl - 3 - methylenenorborane 
C i  oHi s 
mol. wt. 136.23 
mp 51 - 52OC 
bp 158.5 - 159.5' 
dgb 0.8422 
practically insoluble in water 152) 
SL = 5.320.9 ergs/cm2 (B-TI 
SL = 6+1. (G-N) 
negligible anisotropy of ySL [ll] 
bcc structure at mp [l] 
Cyclohexane 
Other names: Hcxahydrobenzene, Hexamethylene 
CeHi 2 
mol. w t .  84.16 
insoluble in water 
rnp +6.47OC 
bp 80.7.C 
dro 0.7781 [52] 
f.c.c. structure atmp. (11 
surface tension yLV @ 20°C 25.5 dyne/cm I641 
Succinonitrile 
Other names: Ethylenedicyanide, Butanedinitrile 
NCC H2 CHzCN 
mol. wt. 80.09 
d:' 1.023 
57.15 :f0 0.9860 
bp 265 - 267 
slightly soluble in water [521 
b.c.c. structure @ mp. [l] 
Y s ~  2825 mJ/m2 (11) 
thermal diffusivity 1.16 = cm2/sec (a) (58') 
density llquid 0.970 g/cm3 (58O) 
viscosity p = 0.0165 (g/cm-sec) (58O) 
Prandl no. Pr = v/pa = 14.7 
mp = 58.083t0.002 OC 
volumetric expansivity $ (OK-') = 5 x lo-'' [591 
APPENDIX E 
TEMPERATURE CONTROLER CIRCUIT 
RANGE 1 0.5 to 4 RPM 
RANGE 2 4.3 l o  2 0  RPM 
RANGE 3 18 to 60 RPM 
STEPlNG MOTOR DRIVE CIRCUITRY RANGE 4 52 to 150 RPM 
APPENDIX G [921 
B i n a r r  G i b b s - l h o m s o n  E f f e c t  A p p l i c a b l e  t o  b r a i n  B o u n d a r r  G r o o v i n p  
----- ........................................ -------- 
T o  1 * G z  
e  
G i s  T e m p e r a t u r e  
B o u n d a r y  G r a d i e n t  
A s s u m e  S o r a t  E f f e c t  i n  L i q u i d  : C L -  C L  + k z  
k c o n t a i n s  S o r a t  c o e f f i c i e n t  
A s s u m e  s o l i d - l i q u i d  i n t e r f a c e  i s o t r o p i c  a n d  i g n o r e  
s u r f a c e  s t r e s s e s .  
1 
c a n  s o l v e  f o r  C S  a n d  C e .  
e  
A t  a n y  z ;  u h e r e  K, ,K,  i s  c u r v a t u r e ;  
l s s - S  - S ( a n d  u s i n g  C a h n l s  n o t a t i o n ) - p , + A C  plC -S,Gz + Y 1 y  ( K , + ~ Z  
C a m b i n i n g :  
S i m i l a r l y :  
+ i ; y  ( K , + K * )  - ( G ~ i ~ + k p ; ~ )  z  A C  " z c  
E l i m i n a t i n g  b c S :  
B i n a r y  C i b b s - T h o m s o n ;  c o n t i n u e d :  
As  - c h e c k  f o r  d i l u t e  s o l u t i o n s :  
v t C  - R T / C  a n d  vlC - R T  <<r  2 C  
M o t e :  AMi - 
AHi 
f h e r r e l  G r a d i e n t  - 6 t o .  h i i  - -,-. 
G i b b s  F r e e  E n e r g y  - G 
-+ 
S z ~t Y 7 ( u , + * ¶ )  - - A H  T f p  + f i n a l  s o l u t i o n  
a  T T ( c L - c S )  a 2 6  
N o t e :  G i b b s - K o n o v a l o v  R u l e  - - 
a x  A H  
f p  
7 
R e a r r a n g i n g  t e r m s  o f  B i n a r y  6 - 1  t o  a p p e a r  l i k e  S i n g l e  C o m p o n e n t  
G i b b s - T h o a s o n :  
Y (K,+*,) T V  
s 
- z 6 ' t  c f .  AT - 
A H  p A H r  
f p  
f o r  fl p h a s e  e x a m p l e .  
A i s  m o l e  f r a c t i o n  o f  A i n  p h a s e .  E l  i s  p a r t i a l  
m o l a l  e n t h a l p y  o f  c o a p o n e n t  A i n  p h a s e .  H i s  m o l a r  
e n t h a l p y  o f  p h a s e .  
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